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Nonlinear terahertz phononics in the Dirac semimetal Cd;As,
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The coherent lattice dynamics in the three-dimensional (3D) Dirac semimetal Cd;As; is investigated in the
nonperturbative regime of light-matter interaction using coherent two-dimensional terahertz (THz) spectroscopy,
as a function of time delay and field strength. The phase-resolved nonlinear signal reveals a coherent phonon
mode at 1.48 THz, corresponding to the B,, Raman-active mode, characterized by the periodic motion of two
cadmium atoms in the substructure toward and away from two cadmium-vacant sites. The interaction of a strong
THz electric field with the 3D Dirac semimetal Cd;As, leads to transient charge carrier imbalance via tunneling
ionization, which results in a displacive force that drives the lattice dynamics of a noninteracting Raman-active
mode. The selective excitation of otherwise inaccessible phonon modes enables precise control over the mate-
rial’s properties at the atomic level, opening new pathways to manipulate its topological characteristics.

DOLI: 10.1103/y2bx-tkkq

The interaction of light pulses with solids offers a unique
pathway to study and manipulate material properties, as these
ultrafast interactions can trigger a variety of emergent phe-
nomena at the atomic level. In particular, they can induce
rapid nonequilibrium processes, leading to the excitation of
phonons and other collective modes that are otherwise dif-
ficult to access. This ability to excite and control phonons
through femtosecond light pulses opens up new opportunities
for exploring ultrafast dynamics in materials with significant
implications in optoelectronics and materials science [1-5].

In pump-probe experiments, optical phonons can be
excited either directly through resonant electric dipole inter-
actions [6,7] or indirectly via various mechanisms such as im-
pulsive stimulated Raman scattering (ISRS) [5,8,9], displacive
excitation of coherent phonons (DECP) [10-12], anharmonic
lattice coupling [4,13], or two-photon sum-frequency gen-
eration [14,15]. In the ISRS mechanism, an ultrafast light
pulse creates a coherent superposition of phonon states by
impulsively modulating the electronic polarizability, leading
to the generation of vibrational modes [16—19]. The DECP
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mechanism involves a sudden shift in the equilibrium po-
sitions of atoms, driven by a strong electromagnetic field
that transiently modifies the electron and hole distributions
that couples to lattice distortions through the deformation
potential [11,12,20]. Phonons can also be excited via anhar-
monic coupling, where nonlinear interactions transfer energy
between different vibrational modes, resulting in the excita-
tion of specific phonons [4,13]. Additionally, Raman-active
phonons can be excited without invoking anharmonicity
through the simultaneous absorption of two terahertz (THz)
photons, i.e., THz sum-frequency generation [14,15].
Cd;As, is a room-temperature stable three-dimensional
(3D) Dirac semimetal, which crystalizes in a body-centered-
tetragonal structure with the space group I4;/acd and a
conventional cell consisting of 160 atoms which can be con-
structed as a 2x2x4 supercell of ten-atom substructures
[Fig. 1(a)] [21,22]. The distinguished physical properties
of Cd3As, are characterized by high carrier mobility, large
Fermi velocity, and exceptional optical response [23,24],
as well as its topological properties [25-29]. Despite the
considerable attention that Cd;As, has garnered in recent
years, its lattice dynamics remains insufficiently explored.
For instance, excitation resulting from the displacement of
Cd atoms toward Cd vacancies, which induces a distortion
of the As-Cd cube, could potentially trigger a structural
transformation, offering deeper insights into the topolog-
ical properties of this system [21], but has yet to be
reported. This is largely due to the complexity of the lattice
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FIG. 1. (a) Ten-atom substructure of the Cd;As, conventional
cell. The blue arrows on the two cadmium atoms mark the atomic
displacements driven by the B,, mode. The displacements of other
atoms are nonzero but relatively small, so we do not mark them
in this schematic. (b) Schematic of the experimental configuration
with the incident THz pulses A and B and the emitted nonlinear
field. The signal is detected using a free-space electro-optic sam-
pling. (c) Transmitted THz pulse E, as a function of the real time
t. (d) Corresponding frequency-domain spectra, obtained from the
Fourier transformation of the transients in (c) compared with the
spectra of the incident THz source and linear transmission spectrum
(blue line, right abscissa). The source spectrum is slightly scaled to
match the transmitted spectra. The transmission curve (blue curve,
right abscissa) in the linear regime is essentially featureless, with no
resolved IR modes.

structure, which presents significant challenges in studying its
dynamics.

In this study, we investigate strong THz field-driven excita-
tion of lattice dynamics in the 3D Dirac semimetal CdsAs, at
room temperature. Using 2D THz spectroscopy, we achieve
spectral and temporal separation of a coherent B>, Raman
phonon emission from other nonlinear signal contributions.
Interaction with the strong THz pulses induces tunneling ion-
ization near the Dirac point, in the vicinity of the I' point,
which transiently modifies the spatial charge distributions of
carrier. This results in a transient crystal symmetry reduction
and triggers a displacive excitation of the B,, phonon that
cannot be linearly excited by the light fields.

High-quality (112)-oriented Cd3As; thin films, 60 nm in
thickness, were grown on a 70-um mica substrate using a
molecular-beam epitaxy system [30].

We achieve direct access to the transient nonlinear pro-
cesses by performing a time-resolved two-dimensional coher-
ent THz spectroscopy [31-33] [Fig. 1(b)]. Two phase-locked
THz pulses are prepared by splitting an intense THz pulse
generated via rectification of an 800-nm pulse in a LiNbO3
crystal using tilted wave-front excitation. The stronger pulse
A and the weaker pulse B are therefore synchronized with a
tunable time delay t. The THz electric field is measured as a
function of real time ¢ by electro-optic sampling. By varying
the time delay t and measuring the transmitted THz field Ex/g
of only one pulse A (or B) and Eap of both pulses, we derive
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FIG. 2. (a) Contour plot of the THz electric fields of both pulses
Eag(t, T) transmitted through the Cd;As, sample. The vertical lines
represent pulse B, which depends only on the real time 7. The diag-
onal lines represent pulse A, which depends on both the real time ¢
and the delay time 7. (b) Contour plot of the nonlinear emitted THz
field Enp(¢, 7). (c) Two-dimensional Fourier amplitude of the emit-
ted nonlinear signal |Enp(v;, v.)| of the nonlinear signal Eny (¢, 7).
(d) Emitted THz nonlinear electric field Ex (¢, T = 0) (red curve)
plotted together with the transmitted probe THz field Eg(¢) for a
zero delay between between the pump and the probe (black curve);
the pulse E(?) is scaled to match Exp(t, T = 0). From the nonlinear
signal, a coherent oscillation is observed up to about 6 ps. (e) THz
differential transmission AT /Ty. (f) Fourier transform of the emitted
nonlinear signal amplitude |Enp(v)| together with the probe pulse
|Eg(v)|. The spectrum of the emitted nonlinear signal exhibits a sharp
peak at 1.48 THz.

the nonlinear THz response given by Ex. (¢, T) = Eap(f, 7) —
EA(t, ) — E(?). In the same setup, we can perform 1D THz
transmission by blocking pulse Ep and using only pulse Ex.

Experimental results obtained with a single THz pulse
EA(t) transmitted through the sample for various field
strengths are plotted in real time ¢ as presented in Fig. 1(c).
The corresponding spectra, derived by fast Fourier transfor-
mation (FFT) of the transient signals, are shown in Fig. 1(d)
along with the incident THz spectra (pink curve) from the
LiNbO3; source. With increasing THz electric field strength,
one observes a distinct nonlinear behavior leading to pro-
nounced changes of the spectral shape of the transmitted THz
pulses, including the emergence of a new spectral feature at
1.5 THz. To explore whether any distinct spectral features ex-
ist around this frequency, we performed a linear transmission
experiment using a commercially available THz spectrometer
(Menlo Systems). The transmission spectrum in the linear
response regime is essentially featureless, with no resolvable
IR modes [Fig. 1(d), blue curve].

To directly access the nonlinear emitted field, we employed
2D THz spectroscopy. The obtained 2D data in the time do-
main are presented as contour plots in Figs. 2(a) and 2(b)
for Eag(f, T) and Enp(?, T), respectively. Besides the main
signal at real time ¢ = 0 ps, a second spike along the diagonal
observed at real time ¢ = 9 ps [Fig. 2(a)] is due to the round-
trip reflection of the initial terahertz pulse in the gold-coated
diamond beam splitter, which is used to split and recombine
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the generated THz pulse. By performing a 2D FFT along real
time ¢ and delay time t, the nonlinear signal Exg(v;, v;) in
the frequency domain as a function of detection frequency v,
and excitation frequency v, is determined and displayed as a
contour plot in Fig. 2(c). The nonlinear response is character-
ized by pump-probe signals occurring at (v;, v;) of (1.4,0)
THz and (1.4, —1.4) THz. The pump-probe signal is super-
imposed by a bright spot at frequencies (v;, v;) = (1.48,0)
THz, highlighted by a white circle in Fig. 2(c). In Fig. 2(d) we
compare the time traces of the emitted THz nonlinear electric
field Ex.(f, T = 0) to the transmitted THz field of the probe
pulse (pulse B) for a pump pulse (pulse A) with a field strength
of 480 kV/cm. The nonlinear field exhibits a 7 phase shift
relative to the probe pulse, signifying an absorption increase
due to the generation of carriers by the THz pulse [12]. In
the time domain, the emitted nonlinear field shows a main
subpicosecond transient, followed by long-lasting coherent
oscillations persisting up to 6 ps. Figure 2(e) shows the time-
integrated THz-pump/THz-probe signal as a function of the
delay time 7, obtained from

2 [ Epc(t, T)EnL(t, T)dt

AT === e 0P
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in which Ejp is used as a probe pulse Ep,. The THz differential
signal displays a rapid transmission decrease on a timescale
of 0.5 ps, followed by a relaxation over approximately 6 ps,
characteristic of carrier relaxation dynamics reported in this
system [34-37].

A Fourier transform of Enp(f,t = 0) is presented in
Fig. 2(f). A narrowband emission at 1.48 THz is assigned to
the excitation of the B>, Raman-active phonon mode at the I
point which is superimposed on the pump-probe signal. It is
noteworthy that the emitted B,, phonon mode present in the
static Raman measurement [38] is absent in the linear THz
experiment [Fig. 1(d)].

In order to elucidate the excitation mechanism, we carried
out a study of the THz field-strength dependence. Figure 3(a)
shows the nonlinear field signal Eni (¢, T = 0) at various THz
pump-field strengths at fixed delay time 7 = 0. With the
pump field decreasing from a peak value of 0.92 MV /cm, the
pronounced oscillation feature weakens rapidly but without
changing its frequency. Such a rapid decrease reflects the THz
field-induced nonlinearity. At 0.21 MV /cm a nonlinear signal
is discernible just about +1 ps around ¢ = O ps, while at a
relatively low field of 96 kV/cm, coherent phonon oscilla-
tions are entirely absent. By performing a Fourier analysis,
the amplitude of the coherent oscillation in the nonlinear-
response channel is derived and plotted as a function of the
THz field strength in Fig. 3(b). The nonlinear signal exhibits
clearly a quadratic dependence on the THz pump field, as
shown by the solid line in Fig. 3(b). For incident electric
field strengths below 170 kV /cm, the nonlinear signal fields
fall below the noise floor of our experiments. The symme-
try of the Raman-active phononic excitation is studied by
a polarization-dependent measurement of the nonlinear sig-
nal. In the experiment, the polarizations of pulses A and B
were kept parallel to each other while the sample was rotated
around its axis. To exclusively derive the polarization depen-
dence of phonon emission while minimizing contributions
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FIG. 3. (a) Field dependence of the coherent nonlinear B, sig-
nal. With decreasing pump-field strength, the oscillation behavior
becomes less pronounced, which below E,ym, ~ 0.1 MV /cm is not
resolvable within the experimental uncertainties. (b) Amplitude of
the emitted coherent nonlinear field versus the pump-field strength
exhibiting a quadratic power-law dependence of Ejoniinear X Esu}njgo !
(c) Angular dependence of the time-integrated nonlinear signal
[ |Exp(t, T = 0)|dt, which can be approximately described by a
fourfold rotation symmetry as shown by the solid line.

from the pump-probe signal, which primarily occurs at t = 0
ps, the phonon emission is analyzed at = 3 ps for different
azimuthal angles ®. The polarization dependence obtained is
shown in Fig. 3(c). A pronounced angular dependence with
fourfold symmetry is observed, with the pump-probe signal
being modulated by up to 15%. This fourfold symmetry is a
hallmark of the highly nonperturbative character of the exci-
tation, since excitation limited to the third perturbative order
x @ would lead to a purely isotropic signal [12,39,40].

The investigation of THz field-driven Raman phonons
has been a central focus in the study of various materi-
als. However, the lattice dynamics of CdsAs; has primarily
been explored through interband excitation using femtosec-
ond near-infrared pulses at low temperatures ranging from
6 to 200 K [41]. In these studies, coherent phonon beat-
ing, attributed to A;, optical phonon modes arising from
counter helices formed by cadmium vacancies, was observed.
These modes become inactive as the temperature exceeds
200 K [41]. Notably, the absence of B, modes under resonant
excitation, coupled with their presence under THz excita-
tion even at room temperature, excludes the possibility of
impulsive Raman excitation of the B, mode in the context
of THz excitation. For an impulsive Raman excitation, the
femtosecond light field induces oscillatory vibrations around
the equilibrium atomic positions without any net displacement
of the lattice. In contrast, the displacive mechanism involves
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nonperturbative THz field excitation, which alters the spatial
charge distribution of carriers, inducing a transient reduction
in crystal symmetry and enabling the displacive excitation of
Raman modes. This phenomenon was recently reported in
the semimetal bismuth [11,12,20]. Additionally, in topolog-
ical insulators, lattice dynamics is triggered by anharmonic
coupling [13]. However, our linear transmission experiments
[see Fig. 1(d), blue curve] alongside previously reported re-
flectivity data [42], confirm the absence of any infrared optical
phonon modes within our THz range. Consequently, phonon
excitation via anharmonic coupling can be confidently ruled
out. The THz sum-frequency mechanism is also unlikely,
as the observed Raman phonon frequency falls within the
spectrum of our THz pulse. Furthermore, such a mechanism
has only been reported in systems that are insulating in the
terahertz regime [14,15,43].

The observed anisotropy in the excitation of the B,, mode
upon changing the azimuthal angle & [Fig. 3(c)] indicates
that the system has moved into the nonperturbative regime
of light-matter interaction. Thus, the most probable excitation
mechanism is displacive excitation, in which lattice distor-
tions are strongly coupled to the distribution of electrons and
holes via the deformation potential. As a result, the equi-
librium positions of certain optical phonons are displaced
when carriers are excited into the conduction band. Moreover,
CdsAs,, with its conelike electronic structure, is similar to
both graphene and the semimetal bismuth, meaning that its
interaction with a strong THz pulse leads to nonperturba-
tive carrier generation near the I' point through mechanisms
such as field-induced tunneling, Rabi flopping, and impact
ionization [44]. When an external THz pulse with vector
potential A(¢) is applied, the conduction-band population
initially undergoes intraband motion driven by A(z), up to
the field strength Er/evr. Once the field exceeds Er/evp,
electrons in the valence band, outside the range Er/evr in
k space, experience interband transitions due to the large
transition dipole near the I point and the available states in the
conduction band. As a result, the electrons undergo both intra-
and interband motion. In the absence of scattering events,
the electron dynamics are fully reversible, with interband ex-
citation and deexcitation occurring symmetrically under the
THz pulse. However, in the presence of electron-electron or
electron-phonon coupling, the coherence of the electron mo-
tion is disrupted within a 100 fs, leading to the generation of
additional populations in the conduction band after the THz
pulse excitation [12]. The observed nonlinear emitted field in
Fig. 2(d), along with the transmission changes as a function
of delay time Fig. 2(e), provides strong evidence of carrier
generation induced by the terahertz field in this system.

In the electronically excited state, the equilibrium position
of the optical phonon coordinate is shifted spatially com-
pared to its position in the crystal’s ground state. This shift
is analogous to the origin displacement of the vibrational
potential observed in molecules, while in a crystal the dis-
placement of an optical phonon mode alters the crystal’s
electronic band structure. We conduct ab initio calculations of
the electronic band structure using density functional theory
and examine the changes induced by B,, Raman-active lattice
distortions in the Cd;As, band structure. The equilibrium
electronic band structure (blue solid lines) of Cd;As, is shown

(a)

1 —

E (eV)

By, displacement

— Equilibrium

FIG. 4. (a) Blue lines show the electronic band structure of unex-
cited Cd;As,. Red dashed lines show the deformed electronic band
structure for a 0.63-A displacement of the two Cd atoms describing
the B,, optical phonon at the I' point. (b) Close-up near the I
point. The B,, phonon displacement modifies the band structure and
leads to 0.06-eV modulation at the I" point. (c¢) Corresponding first
Brillouin zone of the Cd3As,, with the positions of the pair of the
Dirac points DP1 and DP2 marked by red dots.

in Fig. 4(a), where a pair of Dirac points is located on the
Z-T" k path [21,22]. These Dirac points are protected by the
C, symmetry of the lattice. The lattice distortion associated
with the excitation of the By, phonon mode, quantified by
the displacement of the two predominantly involved cadmium
atoms as illustrated in Fig. 1(a), leads to a significant mod-
ification of the electronic band structure, as depicted by the
red dashed lines in Fig. 4(a). Besides the substantial changes
along the I'-X -P path, the B, excitation induces a significant
modification at the I point, where the Dirac points merge
into a single gapped Dirac cone with a finite band gap of
approximately 60 meV for a 0.63-A displacement of the two
cadmium atoms [Fig. 4(b)]. Such displacement results in a
small perturbation of the bond lengths, approximately 0.07 A
for both Cd-Cd and Cd-As bonds, corresponding to about
2%. To establish a correlation between atomic displacement
and the applied THz field, we reference a previous study that
reported a direct measurement of atomic displacement for a
low-frequency shear phonon mode as a function of THz field
strength in a Weyl semimetal [45]. By comparing the two
excitation conditions, we estimate an atomic displacement
of approximately 0.07 A for a field strength of 750 kV /cm.
Given the quadratic dependence of the phonon amplitude on
the incident THz field, we can further establish the relation-
ship between the atomic displacement and THz field strength.
Our results suggest that Cd-As bond distortions lead to tran-
sient alterations in the system’s topological properties. These
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findings pave the way for future investigations into the impact
of THz phononics on the topological properties of this system,
using time- and angle-resolved photoemission spectroscopy
to directly map the electronic band structure and its dynamic
response to phonon amplitudes.

In summary, we have explored the THz excitation of the
Raman-active B, phonon in Cd3;As; in the nonperturbative
regime of light-matter interaction. Our findings reveal that
this phonon is excited through the DECP mechanism, where
the strong interaction with the THz field induces both intra-
and interband transitions via tunneling ionization, generat-
ing displacive forces that initiate phonon oscillations. Our
findings highlight the intricate phonon dynamics present in
topological materials, which may open a route to control
their topological phases. In particular, such band-gap modu-
lation may be a key to inducing an ultrafast topological phase

transition, which was predicted for this system and in the
closely related Na3Bi under the application of a static electric
field [46,47].
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