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ABSTRACT: Monolayer transition metal dichalcogenide semiconductors
exhibit unique valleytronic properties interacting strongly with chiral phonons
that break time-reversal symmetry. Here, we observed the ultrafast dynamics
of linearly and circularly polarized E’(I") phonons at the Brillouin zone center
in single-crystalline monolayer WS,, excited by intense, resonant, and
polarization-tunable terahertz pulses and probed by time-resolved anti-Stokes
Raman spectroscopy. We separated the coherent phonons producing
directional sum-frequency generation from the incoherent phonon population
emitting scattered photons. The longer incoherent population lifetime than
what was expected from coherence lifetime indicates that inhomogeneous
broadening and momentum scattering play important roles in phonon
decoherence at room temperature. Meanwhile, the faster depolarization rate in
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circular bases than in linear bases suggests that the eigenstates are linearly polarized due to lattice anisotropy. Our results provide
crucial information for improving the lifetime of chiral phonons in two-dimensional materials and potentially facilitate dynamic

control of spin—orbital polarizations in quantum materials.
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coherent phonon dynamics

wo-dimensional (2D) monolayer transition metal dichal-

cogenides (TMDs) exhibit a wide range of intriguing
electronic, optical properties and hold great potential for high-
performance electronics, photonics, and optoelectronics.'
Phonons in 2D TMDs couple strongly with electrons,
determining the materials’ key transport properties such as
mobility and superconductivity."”® More recently, it was
discovered that chiral phonons, in which atoms rotates
unidirectionally around the equilibrium position, play an
important role in valleytronics, where the spin-valley-locked
electrons and excitons obey selection rules during scattering
processes.” "> Chiral phonons near the Brillouin zone center,
as opposed to the zone edge valley phonons, may also exhibit
unique properties such as the ability to induce spin
polarization. Although zone-center chiral phonons are the
coherent superposition of two degenerate modes of linearly
oscillating phonons, they are fundamentally different from
linear phonons due to their time-reversal symmetry (TRS)
breaking.'®"** Therefore, the dynamics of chiral phonons may
be distinctive and important for manipulating asymmetric
electronic and optical properties in 2D TMDs, but has not
been systematically studied so far.

The dynamics of chiral phonons cannot be fully charac-
terized by conventional spectroscopy methods. The line width
of spontaneous polarization-resolved Raman scattering can be
an indication of ensemble lifetime T3, which include all
decoherence mechanisms.”*~*® Time-resolved Raman scatter-
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ing and four-wave mixing spectroscopy can obtain the
incoherent population lifetime T, and coherent lifetime T%5
of linearly polarized phonons in TMDS, but have not been
implemented for chiral phonons.””** Transient changes of
excitonic transition is sensitive to the lattice displacement and
can also probe coherent dynamics of phonons in monolayer
TMDs, ! but due to selection rule, it is nontrivial to
impulsively excite coherent circularly polarized phonons with
large oscillation amplitude to provide sufhiciently large signal
for monolayer materials.”> Meanwhile, resonant infrared light
can strongly excite coherent phonons with the same polar-
ization and oscillation frequency, reaching an amplitude as
much as a few percent of the interatomic bonds and
significantly modify materials properties such as super-
conductivity, ferroelectricity, and topology.” 33736 The excitation
mechanism should not be confused to impulsive excitation
utilizing light pulses shorter than half the period of the
phonons.”” Rather, the electric field in the resonant multicycle
pulses oscillate fast, but the pulses themselves can have longer
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Figure 1. Resonant THz excitation of circularly polarized phonons in monolayer WS,. (a) Schematic of the setup: The intense and broadly tunable
CP THz pulse is generated by combining two cross-polarized THz beams with a phase delay of ¢ = 7/2. A narrowband probe pulse with a tunable
polarization generates an anti-Stokes signal from the sample in a vacuum cryostat. The coherent and incoherent scattering signals are collected by a
microscope, separated by a beam block in the Fourier plane, filtered by polarization and wavelength, and detected by a spectrometer. (b) Schematic
of the CP E’(I") phonons in monolayer WS, excited by the CP THz pump pulse and optically probed. (c) The electric field of the THz pulse
measured by electro-optic sampling, corresponding to a spectrum (inset blue line) centered at 10.6 THz with a bandwidth of 1.5 THz, resonant
with the E’(T") phonon mode in monolayer WS, (inset green line). (d) Anti-Stokes spectra probed at zero delay after the CP THz pump. In the
absence of the THz pump, the intensity of the ASR signal is below the detection limit. With THz pump, the intensity of ASR signal increases
significantly, which demonstrates that a large population of phonons has been excited. The selection rule is revealed by polarization-resolved anti-
Stokes scattering. (e) Power dependence of the ASR signal intensity. The linear relationship confirms the one-photon absorption mechanism.

duration to keep driving the atomic motion in phase. This
excitation mechanism has been validated by multiple
experimental and theoretical studies before.*>** The phonon
number in a specific mode created by infrared excitation is
much higher than any other methods, including ultrafast
heating and impulsive/stimulated Raman scattering, and thus
may enable detailed studies of nonlinear phononics and
phonon-mediated electronic/spin dynamics with high sensi-
tivity at the nanoscale.””*"~*

Here we directly resonantly excited coherent chiral E'(T")
phonons in monolayer WS, by intense circularly polarized
(CP) terahertz (THz) photons. We then probed the dynamics
of both LP and CP phonons through time- and polarization-
resolved anti-Stokes Raman (ASR) scattering. The strong ASR
signal benefited from the large phonon amplitude excited by
the intense THz pulses, and its coherence contains phonons’
phase information. Importantly, time-resolved spectroscopy
allows us to distinguish the dynamics of almost degenerate
E'(T") and 2LA modes that overlap in spontaneous Raman
spectrum. Moreover, we measured the properties of incoherent
and coherent phonons independently utilizing the different
angular distributions of their scattering signals. We found that
E'(T") phonons in monolayer WS, can lose coherence without
losing energy, since the population lifetime is much longer than
half of the coherence lifetime at room temperature. The
coherence lifetime increases by almost half at 20 K, but less
than that in MoS,, possibly due to the resonance decay from
E'(T") to 2LA. When decomposing the phonons into linear and
circular bases, we observed longer coherence lifetime in linear
bases, meaning that they are more likely the eigenstates of the
E'(T") mode, whose degeneracy might have been broken by
lattice anisotropy. Due to the lack of rotational symmetry and
angular momentum conservation, scattering almost always
reduces chiral population, such that the incoherent population

lifetime of CP phonons is not different from half of the
coherence lifetime. Our findings are crucial steps toward
understanding and controlling the quantum properties of chiral
phonons that potentially couple with spintronic, excitonic, and
valleytronic properties in 2D semiconductors.

Figure la illustrates the resonant THz-pump, Raman-probe
hyperspectral microscopy with momentum resolution for
exfoliated single-crystalline monolayer WS, (Supporting
Information). The field strength of the CP THz pulse is
about 1 MV/cm, which excites CP phonons (Figure 1b) with a
coherent displacement more than 2 orders of magnitude larger
than what could be achieved by nonlinear mixing in previous
studies.”> The pulse centered at 10.6 THz with a 1.5 THz
bandwidth resonates with the circularly polarized E'(T")
phonon mode in monolayer WS, (Figure 1c), which is both
IR and Raman active, as well as the two-phonon process 2LA
at the peak of the density of state of the longitudinal acoustic
phonons.*® The phonon dynamics probed by time-resolved
anti-Stokes Raman (ASR) scattering I,¢ is proportional to the
phonon population.*”~*” The frequency of the phonons is thus
directly obtained in the spectral domain, instead of by Fourier-
transforming an oscillating signal in the time domain. The
temporal resolution of the spectrally resolved signal is limited
to the duration of the probe pulse (0.5 ps), which effectively
performs a wavelet transformation to the photon displacement
as shown in the next section. At room temperature, the
intensity of ASR signal without THz pump was beyond the
detection limit of our setup due to low thermal population and
small probe power, but under the THz pump the strong signal
indicates efficient and linear excitation of chiral phonons
(Figure 1d and le). We verified the chirality of the phonons
according to the pseudoangular momentum conservation: the
incident photons and the phonons must have the same circular
polarization, and the scattered photons must have the opposite

https://doi.org/10.1021/acs.nanolett.4c02787
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02787/suppl_file/nl4c02787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02787/suppl_file/nl4c02787_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02787?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c02787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(a

Raman shift (cm™)

N
o
S

Intensity (a.u.)

800

G

1 nmc

ASR —_ Model fit
Model fit
E

b
THz

Neon

Intensity (a.u.

Y202 46 810 -2 0 2

Time (ps)

4

Time (ps)

6 8 10

'
()]

0 5 10 15 20 25
Time (ps)

Figure 2. Coherent and incoherent phonon dynamics revealed by time-resolved anti-Stokes Raman scattering. (a) Temporal evolution of the ASR
spectra at room temperature. The feature centered around 350 cm ™ mainly arises from the E’(T") phonon modes, and the feature centered around
700 cm™" comes from the sum frequency generation with the THz overtone. Integrating the spectral component of the phonon modes yields (b)
the dynamics of coherent phonons. The experimental ASR intensity (square) fits well with the model (eq 3, red solid line) using a damping rate of
0.99 =+ 0.06 cm™, corresponding to a spatiotemporal dephasing lifetime of 5.4 + 0.3 ps for the coherent phonons. Gray curve shows the amplitude
of the electric field of the THz pump pulse. (c) Blocking the coherent component of ASR gives a fitted lifetime of 6.1 + 0.3 ps (eq 4, yellow solid
line) at room temperature for incoherent phonon population (square), which is generated by the intensity of both the THz pump ¢;I1y,(t) (gray

curve) and the coherent phonon population c)n.y,(¢) (red curve).

polarization.”® Here the incident probe is linearly polarized and
can be decomposed into a mixture of equal amounts of left-
circularly polarized (LCP) photons and right-circularly
polarized (RCP) photons to scatter with phonons in both
polarizations.

With the coherent resonant excitation of phonons in
monolayers, we first differentiated the time-resolved decoher-
ence and population relaxation dynamics, providing more
information than what can be deduced by the line width
measurements from Raman, X-ray, and neutron scatter-
ing.”'~>* Figure 2a shows the THz pump-induced anti-Stokes
scattering signal, spectrally shifted with respect to the center
wavenumber of the probe pulse, as a function of delay time at
room temperature. Here both the THz pump pulse and the
Raman probe pulse here were not polarized, and signals in all
polarizations and scattering angles were collected. The
nonequilibrium dynamics of phonons excited by THz pump
pulse consists simultaneously of coherent and incoherent
contributions (Supporting Information Sections 3 and 4).>*
Because both the THz pump and Raman probe pulses are
normal incident, the coherent phonons and the light scattered
by them are in-phase. Therefore, the exiting coherent signal is
also normal to the surface and propagates collinearly with the
incoming pulses. In contrast, the incoherent phonons are
random in phase and the scattered light is in all directions.
Without any momentum filter in the back-focal plane, the
integrated intensity of the ASR peak around 350 cm™ is
dominated by the dynamics of the coherent E’(I') phonons.
Under such conditions, the Raman probe is equivalent to
vibrational sum-frequency generation (SFG) spectroscopy
widely used in studying vibrational states of molecules.’
The physical process can be described by a phenomenological
two-step model.’® In step one, the THz excitation centered
around a low frequency of Q initiates the coherent ionic
polarization Pj(Q) x 1/ (Qj—Q—iFj) from the j-th phonon mode
with a center frequency of €, as well as a nonresonant
electronic polarization. In step two, the polarization is
upconverted to a coherent optical emission signal centered
around wy+€2; by a visible pulse at a high frequency w, and
delayed by 7 with respect to the THz excitation.

The damping rate I'; may account for several possible
decoherence mechanisms, and we adopt the symbols from spin
resonance spectroscopy for our discussion.”’ T'; defines
population relaxation, usually caused by optical phonons
splitting into acoustic phonons. Correspondingly, the pop-
ulation lifetime from incoherent ASR is determined as T; = 1/

4xl"). T'* denotes nonlocal dephasing within the measurement
volume such as inhomogeneous broadening by static strain or
soft out-of-plane acoustic (ZA) phonons that changes the
momentum of phonons but nearly preserves their energy. It
can be extracted by the “spatial decoherence lifetime” of
unpolarized but spatially coherent phonons, T* = 1/
27(I+T7*). Lastly, T, refers to depolarization due to local
coupling. The ensemble decoherence lifetime includes
contributions from all loss mechanisms T5F = 1/2z-
(T',+T,+*), which can often be inferred from the inverse of
the half width at half-maximum (HWHM) of the spontaneous
Raman spectrum, but could be measured more reliably by
time-domain polarization-resolved spectroscopy for 2D
materials with long phonon lifetimes. Although T% in
monolayers is likely shorter due to substrate effect, the bulk
values (§ ps at room temperature, 7 ps at cryogenic
temperature) obtained from previous high-resolution Raman
measurements provides good estimates of the lower bound of
our following measurements of phonon dynamics.58 Overall,
these lifetimes are expected to follow the relation 2T, > T* >
T%, and can be independently measured to extract I';, I';, and
I'*, which unveils different decoherence mechanisms and
mitigation routes.

Fitting the experimentally measured ASR intensity (Figure
2b) by the model (eq S1—S3) gives a damping rate I';+I™* =
0.99 + 0.06 cm™’, or a spatial coherence lifetime T3 = 5.4 +
0.3 ps, for the E'(T") phonon at room temperature. Since we
did not differentiate the polarization of the signal, depolariza-
tion I'; was not included in the decoherence process. For 2LA
mode, the lifetime at room temperature deduced from Raman
line width is close to the duration of THz pump pulse (0.4 ps).
Therefore, 2LA decays much faster than E’(I') mode and is
not distinguishable from the nonresonant response.

The incoherent dynamics was measured by blocking the
spatially coherent signal in the momentum space. The
dynamics is qualitatively different from that of the unblocked
beam, corroborating that the incoherent scattering dominated
the signal despite being 2 orders of magnitude weaker than
coherent SFG. The incoherent population rises from both
direct THz excitation and momentum scattering of coherent
phonons, and then decays exponentially with a constant of
population lifetime T, 95 = 1/4al"; = 6.1 + 0.3 ps (fitting
from eq S4). We found that the incoherent population lifetime
obtained from our study is longer than the previous reported
value of 4.3 ps in CVD grown monolayer WS,”” and it agrees
well with the results predicted by first-principles calculations.>
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Figure 3. Coherence dynamics revealed by polarization-resolved anti-Stokes Raman scattering in linear bases. (a) Spatial decoherence measured
under the same optical setup as Figure 2a but at 20 K, showing an extended lifetime of 7.9 & 0.6 ps. (b) Depolarization dynamics observed from the
scattered coherent Raman signal in linear polarization bases H and V. Both the THz pump pulses and the Raman probe pulses are horizontally
polarized along the crystal’s zigzag direction. The depolarization lifetime of the E'(I') phonon mode is 8.6 = 0.6 ps, equal to the spatial
decoherence lifetime within error, indicating a negligible contribution from any depolarization channels that preserves momentum.
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Figure 4. Chirality dynamics revealed by polarization-resolved anti-Stokes Raman scattering in CP bases. (a) Both the THz pump pulse and the
Raman probe pulse are LCP. Output signal was detected in CP bases with a coherence lifetime of 7.2 + 0.7 ps. (b) The chirality lifetime of 4.0 +
0.4 ps of the incoherent optical phonons (yellow squares) is measured by blocking the signal from coherent phonons, which make only a small

contribution (red curve) to the incoherent phonon dynamics.

This is most likely due to fewer defects in mechanical
exfoliated samples than CVD samples,” leading to longer
population lifetime. Notably, T is significantly longer than
T*/2 and T%/2, indicating that inhomogeneous broadening
and the scattering from acoustic phonons are important factors
for phonon decoherence at room temperature. This is
consistent with theoretical calculations that the four-phonon
scattering process is more prominent at higher temper-
atures.”>°"*>

To understand the coherence dynamics of polarized
phonons, which is crucial for ultrafast lattice control of
quantum materials, we measured the depolarization dynamics
of linearly polarized E’(I") phonons with the help of Raman
selection rules in monolayer WS,. Theory predicts that in
cryogenic temperatures, spatial decoherence from scattering
with acoustic phonons should be suppressed compared to
room temperature, potentially allowing pure depolarization to
be observed. Thus, we cooled down the monolayer WS,
sample in a cryostat to reach a base temperature of 20 K.
We first measured the spatial dephasing lifetime of the
coherent phonon under the same optical configurations as
those described previously to obtain Figure 2b, and fitted the
experimental data using the same model, as shown in Figure
3a. The dynamics is complicated by the increasing response of
2LA mode due to stronger excitonic enhancement at low
temperatures.58 In typical spontaneous Raman scattering, it is

quite challenging to separate 2LA and E'(T") peaks especially
when the line width approaches the instrumental limit. But in
time-resolved measurements they are distinguishable from
decay dynamics. Due to different selection rules, 2LA and
E'(T) can destructively interfere with each other, resulting in
an apparent “rising feature” that actually corresponds to the
relaxation of 2LA, similar to the “quantum beats” previously
observed in molecular SFG spectra.®®

From Figure 3a, we observed that the spatial dephasing
lifetime of the E'(I") phonon is indeed extended to T3 = 7.9
+ 0.6 ps, corresponding to a HWHM of 0.67 cm™'. The
temperature dependence is not as sharp as that of the E'(I")
mode in MoS,, which increases to almost three times at 15
K,*® possibly due to the nearly resonant down-conversion from
E'(T") to 2LA that warrant further theoretical and experimental
investigations. The effective coherence lifetime of 2LA phonon
is 1.1 + 04 ps, corresponding to a HWHM of 4.8 cm™
representing the width of density of states for all possible two-
phonon combinations. Both values are consistent with a high-
resolution Raman study of bulk WS, at 3.6 K using multi-
Lorentzian fitting.”® Our time-resolved method is thus
particularly suitable for studying phonon modes with longer
lifetime, when the intrinsic narrow line width is shadowed by
the instrument broadening or large unwanted features nearby
in conventional Raman spectroscopy.
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We then probed the dynamics of depolarization at 20 K in
linear bases. The THz pump pulses were set to horizontal
polarization to excite horizontally polarized (H) E'(I")
phonons, ie., atoms displacing along the zigzag direction of
the lattice, and the Raman probe pulses were also horizontally
polarized. According to the selection rule, H phonons scatter
light into vertical polarization I;. Meanwhile, the vertically
polarized (V) phonon population can arise due to polarization
decoherence, and its dynamics can be distinguished from that
of H phonons by selecting the horizontally polarized signal I
Figure 3b depicts the temporal evolution of Iy, Iy, as well as
their difference Iy-I;. Fitting the temporal evolution of I;-Iy
gives a lifetime in LP bases is 8.6 & 0.6 ps, no shorter than the
spatial coherence lifetime T3 without polarization resolution.
The fact that we did not observe additional depolarization
processes indicates that linear bases are reasonable eigenstates
of the E’'(I") under our experimental conditions, and there is
no observable TRS breaking scattering that couples the linear
modes.

Finally, we measured the “chirality” dynamics of 2D
phonons that can manipulate the TRS of materials. The
E'(T") phonon mode can be written in left and right CP bases,
which only scatters light in the same circular polarization into
oppositely polarized ASR signal. Here, we utilized LCP THz
pump pulses to excite LCP phonons, and linearly polarized
Raman pulses consisting of LCP and RCP components to
probe the phonons. The scattered light intensity Iycp and I cp
are proportional to nycp and npcp, respectively (Figure lc).
Figure 4a displays the temporal evolution of Iycp, I cp, as well
as their difference Iycp-I; cp, from which we calculated a spatial
coherence lifetime in CP bases is 7.2 + 0.7 ps. The lifetime in
CP bases is shorter than that in LP bases, indicating a nonzero
I',. The results suggest that chirality is likely more susceptible
to scattering processes than linearity for E'(T"). This is not
always obvious, since scattering with low-energy acoustic
phonons or free electrons/holes should approximately obey
pseudoangular momentum conservation in a perfectly rotation-
symmetric crystal.>* Therefore, it appears that local lattice
anisotropy, such as strain that breaks the 3-fold symmetry,
makes a non-negligible contribution to the loss of chirality
without necessarily affecting the linearity of the phonons. This
is consistent with the previous conclusion that linear bases are
better eigenstates of E'(I") phonons in our materials produced
by mechanical exfoliation. Thus, T3¢ includes the polar-
ization dephasing process and is a reasonable approximation of
T550x- We also checked the dynamics of incoherent circularly
polarized phonons by blocking the coherent SFG in the
momentum space (Figure 4b). Using eq 4, we determined the
phonon chirality lifetime TEPZOK = 4.0 + 04 ps & T§ yx/2.
This result, i.e., 2T, = T§ for CP phonons, is in stark contrast
to nonpolarized measurements (Figure 2), again demonstrat-
ing that there exist scattering channels that nearly conserve
energy but do not conserve pseudoangular momentum due to
broken 3-fold rotational symmetry. At cryogenic temperature,
the probability of momentum scattering greatly reduced
because of a lower population of thermal acoustic phonons,
whose contribution to the incoherent phonon dynamics (red
curve in Figure 4b) is almost negligible. Therefore, the rising
incoherent phonon population is sharper compared to room
temperature. Further theoretical and experimental research
may help to quantify the relation between lattice symmetry
breaking and loss of angular momentum in phonon scattering.
Our results on chirality dynamics for the first time are useful

for engineering chiral phonons, as well as future works to
extend coherence lifetime for nonlinear and quantum
phononics in low-dimensional materials.

In summary, we have performed a systematic study of
coherent and incoherent dynamics of infrared and Raman
active E'(T") phonons in monolayer WS,. A large population of
single mode coherent phonons in linear and circular
polarizations has been efficiently generated by intense resonant
THz pump excitation. This is not achievable by thermal or
optical impulsive excitations in previous studies. The strong
phonon excitation enabled time- and polarization-resolved
coherent and incoherent ASR microscopy in mechanically
nanoscale exfoliated single crystals for the first time. We
quantified the population lifetime, spatial dephasing lifetime,
depolarization lifetime, and chirality lifetime by momentum-
and polarization-selection, and differentiated a few possible
decoherence mechanisms to help improve the phonon
coherence in the future. We found that spatial decoherence
rate I'* drops to negligible at cryogenic temperatures, but the
polarization decoherence rate I', remains finite, suggesting the
possibility of anisotropic coupling due to static strain, which
might be mitigated during the fabrication process. The
information on coherence and chirality dynamics is essential
for ultrafast, on-demand, and noninvasive lattice engineering of
spin and orbital degrees of freedom in nonmagnetic quantum
materials. Moreover, the methodology is generally applicable
for studying phonon dynamics in noncentrosymmetric nano-
materials to yield more details than what can be obtained from
the line width measurements in conventional Raman or
infrared spectroscopy. It may also be applicable for revealing
the dynamics of zone-edge valley chiral phonons, as well as
localized defect vibrations, which have weak Raman scattering
that can be amplified by resonance excitation. Furthermore, the
coherent momentum microscopy may be useful in analyzing
the spatial inhomogeneity of lattices and phonon diffusion.
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