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Driving fundamental excitations via strong light fields is one of the most important issues in solid state physics, which
opens up new avenues to control material properties. Two-dimensional materials are fruitful platforms for future semi-
conductor applications including opto-electric and phononic devices, yet the phonon dynamics and nonlinear phonon-
phonon coupling remain under-explored. Here, we demonstrate coherent phonon excitation in thin films of the layered
two-dimensional semiconductor WSe; induced by intense and broadband ultrafast THz pulses. We performed tera-
hertz Kerr effect spectroscopy and observed coherent phonon oscillations assigned to the Epg optical phonon mode.
The phonon amplitude displays a quadratic THz field strength dependence, indicating a sum-frequency THz excitation
process. Further, pump-probe polarization and crystal orientation relationships, supported by symmetry analysis of the
nonlinear susceptibility and Raman tensors, provide helpful insights into nonlinear phonon-phonon interactions and
potential coherent control schemes for the manipulation of phonon polarization and material properties in WSe.

Layered semiconductor transition metal dichalcogenides,
TMDs, are promising platforms for condensed matter physics
because of their unique properties. They are semiconduc-
tors with layer-dependent band structures'?, in contrast to
(semi)metalic graphene or graphite.The monolayers, which
consist of one transition metal atom layer and two chalco-
gen atom layers, have thicknesses of less than 1 nm and
are close-to-ideal 2D direct-gap semiconductor crystals. The
monolayers have broken inversion symmetry which leads to
non-trivial spin-valley coupling®, valley-dependent circular
polarization selection rules*®, and chiral phonons carrying
angular momentum’®, Their ultimate thinness also lead to
strongly-bound and stable excitonic states with binding en-
ergies of a few hundred meV®'!. Their multilayer or bulk
counterparts, which are easily manufactured through me-
chanical exfoliation, have also attracted significant attention
as they retain many of the favorable semiconductor proper-
ties of monolayer TMDs, including room temperature valley
polarization'>'#. In addition, heterostructures can be eas-
ily fabricated by overlapping two different mono- or multi-
layer TMDs!3, which enables new opto-electronic devices, so
called “twistronics”!%-18, where it is possible to control the
electronic and phonic properties, such as Moiré excitons'? and
phonons20.
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Recently, the advancement of intense ultrafast infrared
light sources has enabled research into strongly-driven car-
rier dynamics and elementary excitations such as excitons and
phonons?!=2°, Thin TMD crystals are one of the most pop-
ular platforms due to the aforemetioned properties and neg-
ligible propagation effects. Under the irradiation of strong
mid-infrared (MIR) pulses (from ~ 10 to ~ 100 THz), high
harmonics generation from coherently driven valley carriers
have been observed, demonstrating promise as a new light
source and a platform for attosecond physics?>>25-%7, while re-
cent experiments have further highlighted the possibility to
control excitonic quantum states in TMDs with intense MIR
radiation®”. On the other hand, in the lower frequency re-
gion (from ~ 1 to ~ 10 THz), i.e., the far-infrared (FIR)
or THz region, previous Raman and coherent phonon spec-
troscopies in the visible and near-IR (NIR) wavelengths®%-3!
have revealed numerous optical phonon modes near ~ 10
THz in TMDs. These techniques employ light sources that
are non-resonant with the phonon degrees of freedom, which
have a limited ability to drive coherent dynamics and non-
linear interactions involving phonon modes. In contrast,
efficient excitation of both IR- and Raman-active phonon
modes can be achieved with a broadband THz pulse through
a number of electric dipole- and polarizability-mediated ex-
citation mechanisms®’to enable a comprehensive investiga-
tion of the THz phonon dynamics in TMDs, including ex-
citation mechanism333*, phonon-phonon couplings®!, and
anharmonicities’. To date, THz spectroscopic studies on
TMDs have mainly focused on the carrier dynamics at lower
frequency around 1 THz303%, and broadband THz light
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FIG. 1. (a) Pulse sequence of the TKE experiment. The polarization
of the THz pump and 800 nm probe pulses are shown in the circles.
(b) Bandwidth and pulse shape (inset) of the THz pump pulse.

sources have not been employed to investigate driven phonon
dynamics under strong THz excitation.

Here, we report direct observation of coherent optical
phonon oscillations in free-standing thin bulk TMDs under
intense and broadband ultrafast THz pulsed irradiation. The
phonon structure of the bulk TMDs very closely resembles
that of their monolayer counterparts'®. The free-standing
bulk samples also eliminate interfering substrate effects. We
specifically performed THz Kerr effect (TKE) spectroscopy,
or THz-pump-optical-Kerr-rotation-probe spectroscopy® !,
in bulk WSe, thin films, one of the TMDs. In addition to
signals attributed to relaxation of thermalized electron popula-
tion, we observed oscillatory signals with frequencies of 7 ~ 8
THz, which we attribute to the E;, optical phonon modes. The
oscillation amplitude is proportional to the square of the THz
electric field strength, which suggests that the coherent op-
tical phonons are excited by a sum-frequency (SF) THz ex-
citation process. Next, we performed symmetry analysis of
the nonlinear susceptibility tensor x> and the Raman tensor
R, which are both consistent with results from the polariza-
tion dependence measurements. Finally, we present a quan-
tum mode-specific picture of the SF THz excitation process
via the polarizability operator. Alternative excitation mecha-
nisms, including nonlinear phonon-phonon coupling3?3* and
carrier-phonon coupling®3!, are discussed and ruled out.

A schematic of the TKE experiment is shown
in Fig. 1(a) (see the SI for a full description of

the experimental setup). The few-cycle broad-
band ultrafast THz pulse is generated by pumping
a 4-N,N—dimethylamino—4’-N’—methyl-stilbazolium

2,4,6—trimethylbenzenesulfonate (DSTMS) crystal (Swiss
Terahertz) with the 250 uJ, 1.4 um output from a TOPAS-C
optical parametric amplifier (Light Conversion). The THz
pulse shape and bandwidth are characterized with electro-

optic sampling (EOS) on 100 um GaP*? and shown in
Fig. 1(b), where the THz pulse duration is ~600 fs and the
bandwidth extends up to ~10 THz (-20 dB). The peak THz
field strength is estimated from EOS to be > 500 kV/cm.
The THz-induced optical anisotropy is probed by a weak 40
fs 800 nm pulse, which experiences a small angle rotation
of the polarization. The rotated polarization component is
isolated by a crossed analyzing polarizer and detected with
a photodiode. The polarization of the THz pulse is parallel
to either the armchair (AC) or zigzag (ZZ) direction of the
WSe, sample (see Fig. 2(a) for description of the possible
lattice orientations). The polarization of the probe pulse is set
to 0°, 45°, or 90° relative to that of the THz pulse.

Thin free-standing WSe, single-crystals were obtained by
mechanical exfoliation using adhesive tape with a ~ 1 mm
square hole. The crystal/tape assembly are fixed on a 400 um
diameter pinhole (Fig. 2(b)) to detect only the THz-irradiated
area. The typical single-crystal size is 1 ~ 2 mm, which fully
covers the pinhole. The sample thicknesses were estimated
to be a few hundred nm from the interference fringes in the
optical transmittance spectrum (see the SI for details). The
thickness of the WSe, samples are carefully chosen such that
they are sufficiently thin to be transparent at the 800 nm probe
wavelength, while sufficiently thick to accumulate enough
phase difference from the THz-induced weak transient bire-
fringence.

The crystal structure of WSe, is shown in Fig. 2(a), where
two specific in-plane axes, known as the AC and ZZ direc-
tions, are shown by the red and blue arrows. The crystal ori-
entation was determined by polarization-resolved second har-
monic generation (SHG) spectroscopy*®. Because WSe; only
possesses mirror symmetry along the ZZ direction but not the
AC direction, the polarization-dependent SHG amplitude was
used to assign the AC and ZZ directions of the crystal (see the
SI for details).

The unit cell of bulk TMDs contains 6 atoms. Normal mode
analysis indicates that there are 3 acoustic and 6 x 3 -3 =15
optical phonon modes, respectively. Accounting for mode de-
generacy, the optical phonon modes are classified into 2 IR-
active modes (143, + 2E},), 4 Raman-active modes (141, +
2E1; +4Ej) and 4 inactive modes (By, + 2By, + 2E3,). The
lattice motions of the IR- and Raman-active optical phonon
modes in WSe; are shown in Fig. 2(c). We performed Raman
spectroscopy (Fig. 2(d)) to measure and assign the phonon
modes frequencies of WSe; in the THz range. Linearly po-
larized light (532 nm), parallel to either the ZZ or AC direc-
tion, was incident on the WSe; sample, and both the polar-
ized and depolarized Raman scattering photons are detected.
The features were identical for the two crystal orientations
(see Fig S3 in the SI).We observe two main peaks at ~ 250
cm™! (~ 7.5 THz). The lower energy peak at 248 cm™! is
attributed to the Ay, and/or E21g modes, whose phonon fre-
quencies are nearly identical***>. The higher energy peak at
258 cm~! is attributed to the second order Raman response
of acoustic phonons at the Brillouin zone edge (the 2LA(K)?!
or 2LA(M)***5 modes). Additional small peaks at 138 cm~!,
359 cm~!, 372 cm~!, and 393 cm™! are also second-order Ra-
man peaks***>. Critically, our broadband THz pulse may, in
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FIG. 2. (a) Crystal structure of layered WSe; viewed from the top and side. (b) Image and schematic of the WSe, sample mounted on a 400
um pinhole. (c) The symmetry and lattice motions of Raman- and IR-active phonon modes. (d) Micro-Raman spectra (X (ZZ)X+X (ZZ)Y) of

the WSe; sample.

theory, excite Raman-active modes of up to 20 THz via a num-
ber of SF and difference-frequency (DF) THz photonic and
phononic excitation processes>?, suggesting potential THz-
driven dynamics upon intense THz excitation. We note that
in the TKE experiment, the THz pump pulse propagates nor-
mal to the sample plane, leading to phonon excitations at only
the I" point. This suppresses second-order Raman features at
Brillouin zone edges. Further, the crossed-polarized detection
scheme employed in TKE spectroscopy detects only the de-
polarized Raman scattered photons. Thus, TKE spectroscopy
cannot detect totally symmetric modes (Ajg) and is only sen-
sitive to anisotropic modes, such as the E>; mode.

To explore driven-phonon dynamics in TMDs, the WSe;
sample was subject to intense broadband ultrafast THz pulses
that span 1-10 THz. The induced dynamics were probed us-
ing a Kerr effect heterodyne detection setup, which is directly
sensitive to the transient anisotropy induced by coherently ex-
cited phonon oscillations “¢47_ Figure 3 shows the TKE signal
of WSe,, where the polarization of both the THz and probe
pulses are parallel to the AC direction. The measured TKE
signal consists of two main features: an oscillatory signal
and an exponential decay component. The exponential decay
component was fitted by a bi-exponential function, yielding
~ 100 fs (fast) and ~ 400 fs (slow) decay components. Within
the THz pulse duration, similar features in TKE spectroscopy
with below-bandgap probing are generally assigned to an in-
stantaneous nonlinear polarization from the third-order non-
resonant electronic polarizability*®. However, the observed
signal shows a longer relaxation time than that expected from
the THz pulse shape (Fig. 1(b)) and the thinness of the single-

crystal samples in this work (~500 nm). Concrete assignment
of this feature is beyond the focus of this work and requires
further investigations.

Subtraction of the exponential component isolates the os-
cillatory signal, as shown by the green difference trace in Fig.
3. The Fourier transform (FT) spectra of the oscillatory sig-
nal is shown in the inset of Fig. 3 and reveals a clear ~ 7.5
THz peak, which matches the frequency of the E, and A
phonon modes. As described previously, TKE spectroscopy is
only sensitive to anisotropic vibrational modes. Thus, we at-
tribute the observed oscillatory signal to transient anisotropy
induced by coherently excited vibrational oscillations of the
Esg symmetry phonon mode.

To further elucidate the excitation mechanism of the ob-
served Ep¢ phonon oscillations, TKE signals at different THz
pump field strengths were measured, as shown in Fig. 4(a).
The corresponding FT spectra are shown in Fig. 4(b). Two
regions of interest in the frequency spectra are analyzed,
namely, the electronic response (1-2 THz) and the coherent
excitation of the E; phonon oscillations (7-8 THz). The
region between O to 1 THz was avoided due to higher po-
tential of systematic noise contributions. The integrated FT
amplitudes in these two regions as a function of THz field
strength are shown in Fig. 4(c) and 4(d), where both fea-
tures show clear quadratic dependence relative to the input
THz pump electric field. At below ~30% of maximum THz
field strength, detection of the coherent phonon signal above
noise becomes challenging, leading to the plateau in ampli-
tude in Fig. 4(d). The quadratic field strength dependence of
the Ep¢ phonon mode directly indicates that the excitation in-
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FIG. 3. TKE signal from layered WSe; (red) where the polarization
of the THz and probe pulses are parallel to the AC direction. The
exponential decay component is subtracted (see main text for details)
to reveal the coherent oscillations (green). The corresponding FT of
the difference signal is shown in the inset, where the ~ 7.5 THz Ezg
phonon mode is labelled.

volves two THz photon interactions, which we attribute to a
SF excitation process with two THz photons. Such photonic
SF THz excitation processes have also been observed in both
solids (diamond)?* and liquids (halogenated methane)3*.

Below, we consider all possible THz excitation mechanisms
of a Raman-active phonon mode to justify our assignment
of the photonic SF THz mechanism. As described in de-
tail by Maehrlein and coworkers®2, a Raman-active phonon
mode may be excited by SF and DF processes that are ei-
ther photonic or ionic in nature. Importantly, all four pro-
cesses leads to an empirical quadratic THz field strength de-
pendence. Ionic scattering concerns the excitation of Raman-
active phonon modes through nonlinear coupling of two IR-
active phonon modes, whose SF or DF component matches
that of the Raman-active mode. This process is sometimes
also referred to as the quadratic-linear or trilinear coupling
of phonon modes*>#°. The nonlinear coupling interaction is
generally described with the term o gZzqr, Where gz and gr
are the coordinate of the IR- and Raman-active oscillators re-
spectively. Such processes require both symmetry and energy
matching to occur. The IR-active phonon modes in WSe, are
of Ay, and Ej, symmetry, therefore, the relevant symmetry
products are (Eag|AzuE1u), (Exg|E1uE1), and (Eyg|AzuAn).
Only <E2g |E1uE1u> D Ay, is symmetry allowed. However, the
Ej, phonon modes in WSe; have almost identical energies
as do the E, phonon modes. As a result, the SF and DF
nonlinear coupling of two Ej, phonons to one Ej, phonon
cannot occur due to conservation of energy, ruling out both
the SF and DF ionic scattering mechanisms. We also note
that excitation of the E3, mode through electron-phonon cou-
pling mechanisms are unlikely because the THz photon en-
ergy (< 40 meV) is substantially lower than the bandgap of
WSe; (1.2 eV)*#-0.

On the other hand, photonic Raman scattering describes
coherent excitation of phonons driven by the square of the

4

electric field of the incident photons. This includes the famil-
iar impulsive stimulated Raman scattering (ISRS), which uses
the DF component, and the SF THz excitation mechanism as-
signed here. Given the THz pulse bandwidth in this work, we
can quantify the available SF and DF THz power that could
drive the excitation of the E; phonon modes at 7.5 THz for
WSe; (see Fig. S5 in the SI for details), which reveal that the
THz SF component is more than 11-fold higher than the THz
DF component, strongly suggesting SF THz excitation to be
the primary mechanism for the coherent phonon oscillation
observed. The distinction between ISRS and THz SF exci-
tation mechanisms is crucial for coherent control of phonon
modes because THz SF excitation is sensitive to the carrier
envelope phase (CEP) of the incident THz pulse, which en-
ables additional control of the phase of the lattice vibration?*.

Next, we investigate the field polarization dependence of
the excited coherent oscillations and electronic signal. Fig.
5(a) shows the pump-probe polarization angle dependence of
the TKE signal where the THz pump polarization is parallel
to the AC crystal direction and the relative angle between the
THz pump and 800 nm probe polarization are 0°, 45°, and
90°. These experiments are conducted by only rotating the
probe polarization with all other conditions fixed. A clear en-
hancement of signal is observed when the probe polarization
is set at 45° relative to that of the THz pump. The TKE signal
is identical when the pump-probe angle is 0° or 90°. In con-
trast to the signal in Fig. 3, those in Fig. 5 were obtained with
fully-crossed polarizers in the detection setup, which mini-
mized the local oscillator to eliminate nonlinear amplitude
scaling of the heterodyne detection scheme and reduce noise
from laser intensity fluctuations. As shown in Fig. 4(c), the
electronic relaxation feature is proportional to the square of
the THz electric field, indicating that the signal is third-order

in nature. The nonlinear polarization P,-<3) induced and de-

tected in the TKE setup is given as
3 3
P = A E B, )

where E; is the probe polarization and F; and E; the THz
pump polarization. Considering the symmetry group of lay-
ered WSe; (Dgj), selection rules predict that the nonlinear
polarization vanishes at 0° or 90° and is maximized at 45°
pump-probe polarization angles (see the SI for details). The
non-zero TKE signal observed at 0° or 90° are likely due to
slight ellipticity of the THz polarization state near the focus
that are inherent to off-axis parabolic mirrors’!, which are em-
ployed in this work to achieve the intense THz field strengths.
On the other hand, Fig. 5(b) shows the TKE signals of WSe;
with the THz polarization parallel to the AC and ZZ crystal
axis, respectively. The probe polarization is kept at +45° rel-
ative to the THz polarization, and the experimental conditions
are achieved by rotating the sample. Clearly, the excited co-
herent phonon oscillations are the same frequency of ~ 7.5
THz with identical phase, suggesting the same Ep, mode is
excited. Given the SF excitation mechanism, which proceeds
through the polarizability operator, polarization dependence
of the coherent phonon oscillations are analyzed by consider-
ing Raman selection rules. The Raman scattering intensity /
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FIG. 4. (a) The WSe; TKE signal measured at different THz pump field strengths and (b) the corresponding FT spectra. THz field strength
dependence of the FT magnitudes between (c) 1-2 THz and (d) 7-8 THz.

of a vibrational mode is given as
I e; R-eq? 2

where e; and e, are the incident and detected photons respec-
tively and R is the Raman scattering tensor of the mode. Ac-
counting for the symmetry of the WSe, lattice (see the SI
for details), the polarization selection rule for SF THz exci-
tation of the E;, mode is ® = 2¢, where ¢ and & are the
polarization angle of the THz pulse and phonon oscillation,
respectively (where the AC direction is defined as 0°). Specif-
ically, excitation with both THz polarization parallel to the
AC (0°) and ZZ (90°) direction induces E, phonons along
the AC direction, which is consistent with our experimental
result. We note that the derived polarization relations also
suggest that the phonon signal is maximized when the pump-
probe angle is 45°, which agrees with the data in Fig. 5(a).
The derived polarization selection rule is analogous to SHG
processes and distinct from dipole-allowed one-photon pro-
cesses, which highlights the importance of determining exci-
tation mechanisms for driven phonon dynamics in coherent
control schemes.

In summary, we demonstrate strongly-driven coherent
phonon dynamics in layered semiconductor WSe; induced by
intense broadband ultrafast THz irradiation. In addition to
the thermalized electron response, we directly observe oscil-
latory signals with a lifetime of ~ 1 ps, which we attribute to
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FIG. 5. TKE signal of layered WSe, measured with different (a)
probe and (b) pump polarization conditions.

coherently-excited oscillations of the E;, phonon mode. The
oscillation amplitude displays quadratic THz field strength de-
pendence, which indicates that the excitation mechanism is a
sum-frequency (two-photon) process. We discuss and rule-
out alternative mechanisms of excitation, including nonlinear
phonon-phonon coupling and electron-phonon coupling. Our
symmetry analysis of the nonlinear susceptibility tensor ()
and Raman tensor R, together with experimental polarization
dependence results, reveal detailed relationships and selection
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rules between excitation/detection polarization, crystal orien-
tation, and phonon oscillation direction. Our results provide
helpful mechanistic insights into the driven-dynamics and co-
herent control of phonons by strong THz fields in solid materi-
als. This work also serves as the foundation for further inves-
tigations into nonlinear phonon-phonon coupling dynamics
through multidimensional THz techniques, such as 2D THz
spectroscopy>? and hybrid THz spectroscopy>>.

SUPPLEMENTARY MATERIAL

See the supplementary material for descriptions of the ex-
perimental setup of the TKE spectrometer, preparation and
characterization of the WSe, samples with SHG and micro-
Raman spectroscopies, and complete symmetry analysis of
the nonlinear susceptibility and Raman tensors of WSe.
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