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and the opposite polarization (Z,pp) as a func-
tion of the probe delay time 1 (Fig. 2B). We find
that the polarized luminescence (Jsame — Zoppo) 1S
positive for t < 0.2 ps, indicating that the spin-
flipping intravalley IVBT has a higher probability
when the IR probe arrives immediately after the
excitation of holes. This is because spin is not
strictly conserved for optical transitions away
from the high-symmetry points. However, the
process is forbidden at the valley center with
incident light perpendicular to the lattice plane,
so its magnitude decays with a lifetime of 0.2 ps
as the nonequilibrium carriers thermalize to the
band edge (22, 23). After that, the luminescence
switches polarization as a result of the dominant
spin-conserving intervalley IVBT. It shows that
the majority of final holes have a linear momen-
tum opposite that of the initial holes. The mo-
mentum must have been transferred to phonons
instead of defects, as seen from the comparison
of the second-order Raman scattering through
the defect-assisted one-phonon process with that
of the two-phonon process, which is an order of
magnitude stronger (fig. S7). Directional inter-
valley transfer through electron-electron interac-
tions (24) is excluded because the pump is not in
resonance with the A exciton, and the signal is
linearly proportional to the hole density (fig. S8).
The exchange interaction reduces the polariza-
tion of the holes but should not create an oppo-
site polarization (25). Finally, the depolarization
plus the decay of the hole population yields a
joint lifetime of ~2 ps for the polarized lumi-
nescence, in agreement with previous exciton
studies (26). To further verify the nature of the
final holes, we measure the polarized lumines-
cence at different collection energies with 1 =
0.8 ps. The emission spectra obtained with dif-
ferent IR photon energies are all close to the B-
exciton photoluminescence (Fig. 2C and fig. S12),
which proves that the emission is the radiative
decay of a real state near the edge of the spin-
split band, rather than a virtual state. Therefore,
we use the luminescence from 2.05 to 2.19 €V to
quantify the indirect IR absorption and the pho-
non creation.

The PAM of valley phonons is determined
by measuring the polarization selection of the
absorbed IR photon, resulting from the chiral
electron-phonon interaction. With LCP excita-
tion, the intervalley transition of holes from the
K valley can either absorb an LCP IR photon to
produce LO phonons or absorb a right-circularly
polarized (RCP) IR photon to produce TA/A;
phonons (Fig. 3A). We observe different IR ab-
sorption when the probe has the same polar-
ization as the pump light (0game) Versus when it
has the opposite polarization (0gppo). This IR
circular dichroism (CD = 0Ogame = Ooppo) dem-
onstrates that scattering cross sections of the
two processes are not equal, owing to the dif-
ference of electron-phonon coupling strength.
As shown in Fig. 3B, the CD at 82 K is always
positive for valley-polarized holes. Because the
holes have zero PAM regardless of valley index
or spin-split bands, the angular momentum of
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the IR photon is transferred to either the spin
or the phonon. The initial intravalley IVBT pro-
duces positive CD because the electronic spin
flips from -1/2 in the spin-split band to +1/2
at the valence band edge at the K point. How-
ever, this contribution decays fast as a function
of IR delay in accordance with Fig. 2B. Thus,
the intervalley phonon-creating transition is
the dominant source of positive CD for t = 0.8 ps.
It indicates that the LO branch contributes most
to the indirect IR absorption. For nonchiral sys-
tems, although photons with opposite circular
polarization may interact with different par-
ticles, the probabilities are always equal. There-
fore, the CD is the signature of intrinsic phonon
chirality.

The energy of this phonon mode is measured
according to energy conservation: The energy
sum of the incoming particles, the IR photon,
and the initial holes must be equal to that of the
outgoing particles, the chiral phonon, and the
final holes (74). We observe that the CD spectrum
at t = 0.8 ps (Fig. 3C) is a step function with a
clear threshold near 0.448 + 0.002 eV, broad-
ened by the spectral width of the IR pulse. The
shape corresponds to a transition from a hole at
the valence edge to a band with parabolic dis-
persion in two dimensions (fig. S9). This value is
distinguished from either the intra-excitonic tran-
sition (27) or the exciton dissociation energy (21).
Next, we find that the ground-state configuration
of the initial holes is the dark A trion at E; = 1.671 +
0.006 eV (fig. S11) (28) based on the dominant
bright A-trion photoluminescence (fig. S1). We
verify that the dark trions are near thermal
equilibrium because the IR spectrum is very dif-
ferent from that of nonequilibrium carriers with
excessive energy at t = 0 ps (fig. S10). The final
state is the bright B trion at E; = 2.090 + 0.005 €V,
as measured through its emission (fig. S12). Sum-
marizing these values, we deduce the phonon
energy Epnonon = Ephoton + Ei — Er = 29 = 8 meV, in
agreement with the first-principles calculation
and the Raman spectrum for the LO(K) mode
(figs. S7 and S9). The uncertainty may be reduced
in the future by improving the uniformity of
the sample and the spectral resolution of the
B-exciton emission. Better spectroscopy will also
potentially reveal details about the chiral phonon-
exciton coupling—such as the contribution from
LA phonons and the various pathways of the
indirect transition—that are not resolvable with
the current signal-to-noise ratio.

Our findings of chiral phonons are fundamen-
tally important for potential experimental tests
of quantum theories with chiral bosons (29) in
the solid state. Our work also provides a possi-
ble route for controlling valley and spin through
electron-phonon scattering and strong spin-
phonon interactions (16). Furthermore, the lift-
ing of degeneracy by chirality offers robust PAM
information against decoherence and long-range
perturbation and offers a new degree of freedom
to the design and implementation of phononic
circuitry (30) at the atomic scale without mag-
netic fields.
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A phonon merry-go-round

Chirality is associated with the breaking of symmetry, often described as left- or right-handed behavior. Such
asymmetry can be seen, for example, in the electronic responses of particular materials or the reactions between
particular chemical species. Zhu et al. observed a chiral phonon mode in a monolayer of the transition metal

dichalcogenide WSe -, detected spectroscopically as the circular dichroism of the phonon-assisted transition of holes.

Phonon chirality could be used to control the electron-phonon coupling and/or the phonon-driven topological states of

solids.
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