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Optical excitation of chiral phonons plays a vital role in studying the phonon-driven magnetic
phenomena in solids. Transition metal dichalcogenides host chiral phonons at high symmetry points
of the Brillouin zone, providing an ideal platform to explore the interplay between chiral phonons
and valley degree of freedom. Here, we investigate the helicity-resolved magneto-Raman response
of monolayer MoS» and identify a doubly degenerate Brillouin-zone-center chiral phonon mode
at ~270 cm~!. Our wavelength- and temperature-dependent measurements show that this chiral
phonon is activated through the resonant excitation of A exciton. Under an out-of-plane magnetic
field, the chiral phonon exhibits giant Zeeman splitting, which corresponds to an effective magnetic
moment of ~2.5u5. Moreover, we carry out theoretical calculations based on the morphic effects in
nonmagnetic crystals, which reproduce the linear Zeeman splitting and Raman cross-section of the
chiral phonon. Our study provides important insights into lifting the chiral phonon degeneracy in
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an achiral covalent material, paving a new route to excite and control chiral phonons.

I. Introduction

Circularly polarized phonons or chiral phonons are lat-
tice vibration modes in which the atomic circular motions
produce nonzero angular momentum [1, 2]. As a result,
chiral phonons carry orbital magnetic moments, serving
as a fundamental element in realizing a wide variety of
quantum phenomena such as the Einstein-de Hass effect
[1], phonon Hall effect [3, 4], ac Stark effect [5], pseudogap
phase of cuprates [6], and interlayer exchange coupling in
oxide heterostructures [7].

Recent terahertz (THz) experiments have demon-
strated coherent excitation of infrared-active phonon
modes with controlled relative phases, giving rise to dy-
namical magnetization from lattice rotations in solids [8].
One of the intriguing discoveries is that the chiral phonon
magnetic moments can be 3 to 4 orders of magnitude
greater than the theoretical calculation based on the
Born effective charge and the ion masses [2]. For ex-
ample, the E, optical phonon in the Dirac semimetal
CdsAss is excited by the circularly polarized THz laser
pulses. The giant effective magnetic moment of ~2.7up
(15 is electron Bohr magneton) is revealed by the phonon
Zeeman effect, that is, the energy splitting between left-
hand and right-hand phonon polarization in an exter-
nal magnetic field [9]. A similar size of phonon Zeeman
splitting is also reported in narrow-gap semiconductor
PbTe [10], Pby_,Sn, Te thin films in the topological crys-
talline insulator phase (x > 0.32) [11], and polar antifer-
romagnet FesMo3zOg [12]. Remarkably, these studies all
suggest electronic contributions in describing the mag-

netic moments of chiral phonons. In this regard, new
mechanisms such as chiral phonon-induced electronic or-
bital magnetization [13], spin-chiral phonon coupling [14-
17], and the topological contribution [18-21] are pro-
posed to explain dynamical magnetization.

In a broader sense, degenerate chiral phonons that con-
sist of superpositions of two orthogonal phonon compo-
nents can be resonantly excited with light [31]. This
mechanism enables the chirality-governed emission chan-
nels of phonons and photons, which have been imple-
mented through the valley degree of freedom in mono-
layer transition metal dichalcogenides (TMDCs). The
threefold rotational symmetry and spatial inversion sym-
metry breaking in monolayer TMDCs can endow chiral
phonons at high symmetry points of the Brillouin zone
(BZ) [32]. Since the original discovery of chiral phonon
at the BZ corner of WSey [22], various valley-selective
chiral phonon phenomena (summarized in Table I) have
been identified in magneto-photoluminescence (PL) spec-
tra involving dark excitons [23-25], trions [22, 24, 26, 27],
interlayer excitons [28; 29|, and quantum dot emission
[30] in TMDC systems. These observations leave many
open questions concerning the connection between the
excitonic states and chiral phonons, for example: Aside
from dark excitons, trions, and interlayer excitons, can
chiral phonons be generated through the decay of bright
excitons? While the g-factors of the phonon replicas in
PL spectra only ubiquitously reflect the valley Zeeman
splitting of the original excitonic states, what is the in-
trinsic chiral phonon magnetic moment in TMDCs? In



TABLE I. Valley selective chiral phonon phenomena in photoluminescence experiments in TMDC systems.

Phenomena Material Optical excitation Phonon mode g-factor Ref.
Infrared circular CVD WSes, Dark A trion LO(K)=29+8 meV N/A [22]
dichroism Bright B trion
Intravelly dark exciton -9.4£0.1 [23, 24]
-9.940.1
Intravalley positive 1 29.940.2
dark trion E (F)N214-216 meV

(24]

Chlr?ﬂ phonon replicas BN/WSe2/BN Intravalley I}egative -9.240.1

in PL spectra dark trion
Intervalley dark exciton E”(K) ~26.6 meV 12.5
Intravelly positive exciton E" (") ~24.1 meV 13.7 [25-27]
Intravelly negative exciton E”(K) ~26.6 meV 11.9
E (F) of MOSGQ and -16 (H-type) [28}
Magnetophonon MoSe2/WSe; . WSes
. Interlayer exciton
resonance at ~24 T heterobilayer
TA phonons of MoSe, | ~14-8 (H-type) | a9
+4.7 (R-type)

Doublets of quantum WSey /BN Quantum dot emission E" (T') ~21.8 meV -8.9+1.1 [30]

dot like peaks in PL -9.3+1.9

Note: The g-factors of the phonon replicas in this table reflect the values of their corresponding excitonic states, rather

than the intrinsic phonon magnetic moment.

an achiral and nonmagnetic material, how can one lift the
degeneracy of the chiral phonons and implement func-
tional optical activity? Addressing these questions is
crucial for understanding the magneto-optical properties
based on chiral interactions. However, direct access to
excitons and chiral phonons simultaneously with helicity
resolution has not been demonstrated.

Helicity-resolved Raman spectroscopy (HRRS) has
been proven to be a powerful tool for assigning phonon
symmetry in TMDCs [33-35]. In the off-resonance con-
dition, the helicity selection rule shows that the helicity-
conserved A;,/A; modes can be detected in the oot
and o~ o~ channels, while the helicity-changed Es,/ E
modes can be detected in the 0t~ and oo™ chan-
nels, where o'c® (i,s = +,—) denotes helicities of the
incident and scattered light [36]. The on-resonance ex-
citation leads to modified Raman tensors in the helic-
ity selection rule, revealing the nature of exciton-phonon
coupling from the deformation potential or the Fréhlich
interaction [37]. Remarkably, recent studies show that
HRRS is sensitive to chirality-related phenomena such
as chiral phonon splitting in «-HgS [38], chiral charge
density wave [39], and ferro-rotational domain states in
1T-TaSy [40]. In this work, using HRRS on resonance
with the A exciton of monolayer MoS,, we identify a new
broad mode at ~270 cm~! and the selection rule analysis
demonstrates that this mode is a doubly degenerate chi-

ral phonon (£24). By applying an out-of-plane magnetic
field, we break both the energy and intensity degeneracy
of the chiral phonon. The phonon Zeeman splitting in
the cTo~ and 0~ ¢ channels reveals an effective phonon
magnetic moment of ~ 2.5, p, which is approximately 6
orders of magnitude greater than the theoretically pre-
dicted value of TMDCs. Moreover, the magnetic field
can control the helicity polarization (p) of the Q4 and
Q_ modes in a linear fashion up to 50% at =7 T. In con-
trast to the behavior of thermally populated phonons,
our temperature-dependent measurements show that this
chiral phonon appears at ~180 K and its spectral inten-
sity grows rapidly with descending temperature. The on-
set of the chiral phonon is concurrent with the enhanced
PL intensity of A exciton, indicating this chiral phonon
is activated through the bright A exciton transition. Fi-
nally, we carry out theoretical calculations based on the
Morphic effects in nonmagnetic crystals, which reproduce
the linear Zeeman splitting and Raman cross-section of
the chiral phonon.

II. Experimental Results
A. Helicity selection rule
The monolayers MoSy are synthesized on a SiO,/Si

substrate via chemical vapor deposition (CVD) [41, 42].
Atomic force microscope characterization of a MoS, flake
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Helicity selection rule of the doubly degenerate chiral phonon in monolayer MoS;. (a) Calculated phonon

dispersion of monolayer MoS». (b) Schematics of the doubly degenerate BZ center E’ phonon modes. The superposition of
the LO and TO modes gives rise to the left- and right-handed chiral phonon modes (Q4). (c) PL spectra acquired in the oo~
channel at 12 K using 532 nm (2.33 eV) and 633 nm (1.96 eV) excitation, respectively. Helicity selection rule of the Raman

modes in the (d) off-resonance and (e) on-resonance condition in the oo

T (yellow), 0 "o~ (green), 0 "¢~ (orange), and oot

(blue) polarization channels. The grey shaded areas in (c)-(e) highlight the chiral phonon modes. The spectra in the range of
340-440 cm™! in the oot and ¢~ ¢~ channels are scaled by a factor of 0.1.

is shown in Fig. S1 in the Supplementary Material [43].
We first compare the PL spectra acquired at 12 K using
532 nm (2.33 V) and 633 nm (1.96 e€V) excitation (See
Fig. 1(c)). While the A exciton (~1.90 V) and broad lo-
calized emitter peak (~1.65-1.85 ¢V) are found in the PL
spectrum at 532 nm excitation, a series of Raman peaks
appear in the 633 nm spectrum. By comparing these Ra-
man peaks with the existing resonant Raman spectrum of
MoS, (see Fig. S2 in the Supplementary Material [43]),
we identify a new mode at ~270 cm™! (absolute energy
of ~1.927 eV as marked by the grey shade in Fig. 1(c)),
which matches the energy of the BZ center E" phonon
mode as highlighted in the calculated phonon dispersion
of monolayer MoS, in Fig. 1(a). As illustrated in Fig.
1(b), the superposition of two orthogonal linear vibra-
tions (LO and TO modes) results in doubly degenerate
chiral phonons denoted as 4. We note that a sharp
Raman mode at 287 cm™! was previously reported in
2H-MoS; and Raman mapping demonstrates that it is
an E;, mode that is only detectable at the edges [44].
Even though Raman mapping at low temperature is not
feasible for our experimental setup, we have carefully sur-
veyed the body and edge regions on our MoSy flake and
confirmed that the chiral phonon mode is not an edge

mode.

To verify the chiral nature of the new mode, we carry
out helicity-resolved Raman measurements. In the off-
resonance condition (532 nm, see Fig. 1(d)), the in-plane
E' mode appears at 384.3 cm ™! in o 7o~ and 0~ o chan-
nels, while the out-of-plane A/1 mode appears at 405.4
cm~!in the o701 and 0~ o~ channels, which agrees with
the HRRS results in the literature [33, 45]. Also, the ~21
em™! frequency difference between E' and A} modes is
consistent with the CVD-grown monolayer MoSy [46].

Under the resonant excitation at 633 nm, the break-
down of the helicity selection rule occurs for E and A}
modes due to the exciton-phonon coupling [37, 45]. For
the new mode at ~270 cm~!, as shown in Fig. 1(e),
it only appears in the helicity-changed cto~ and o= o
channels with identical frequency and intensity, and is
absent in the helicity-reserved 070" and =0~ chan-

nels. We can thus retrieve the Raman tensor of this
mode in the form of R = a c)orR/: @ =)
—a —c —a

The nonzero off-diagonal term ¢ guarantees that R and
R’ are connected by a mirror operation, representing Ra-
man modes with opposite chirality. Therefore, we assign
the new mode as the doubly degenerate chiral phonon
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Broken frequency and intensity degeneracy of chiral phonon in the magnetic field. (a) Magnetic field-

dependent Raman spectra in the o7~ (orange) and o~ o™ (blue) polarization channels at the excitation wavelength of 633
nm at 12 K. The spectra are vertically offset for clarity. The grey dashed lines are the guide to the eye of the phonon Zeeman
splitting. (b) Split chiral phonon frequencies as a function of the magnetic field with linear fits. (c) Comparison between
the valley Zeeman splitting of the A exciton determined by magneto-PL (grey circles) and the chiral phonon Zeeman splitting
determined by Raman (black squares). Inset shows the split o7 and o~ PL peaks at 14 T. (d) Integrated intensity (I.I.) of
the split chiral phonon as a function of the magnetic field. (e) Helicity polarization (p) as a function of the magnetic field with
the linear fit. The blue and orange shades indicate the dominant Raman signal.

(Q4). The resonant excitation plays a key role in the
activation of the chiral phonon because the E" mode is
strictly undetectable in the backscattering geometry un-
der the off-resonance condition (see Fig. 1(d)). More-
over, we examine the selection rule in the linear polariza-
tion channels (see Fig. 5 in APPENDIX B). The linearly
parallel and crossed channels have the same Raman in-
tensity and exhibit no angular anisotropy upon in-plane
rotation of the sample. We thus determine the diago-
nal term ¢ = ai. The detailed derivation of the Raman
tensors can be found in APPENDIX B. The complex
Raman tensor and the relative phase between the diag-
onal and off-diagonal tensor elements indicate that the
resonant, excitation and anisotropic electron-phonon in-
teraction may play a key role in the activation of this
chiral phonon [47-50]. It is worth noting that an ax-
ial Higgs mode in the charge density wave system RTeg
was recently detected by quantum interference between
the pathways with symmetric and antisymmetric contri-
butions to the Raman tensor [51]. Our findings of the
complex Raman tensor provide a new method to detect
axial /chiral modes using resonant scattering.

B. Phonon Zeeman splitting

To quantify the angular momentum of the chiral
phonon mode, we carry out helicity-resolved magneto-
Raman measurements. Figure 2(a) shows the Raman
spectra in the oo~ and o~ ¢t channels acquired at
12 K with varying magnetic fields from -7 T to 7 T.
The application of a magnetic field lifts the degener-
acy of the chiral phonon, leading to the split Q, and
Q1_ components in the 07~ and o~ oT channels, re-
spectively. As shown in Fig. 2(b), the frequency of
the split modes exhibits a linear response as a func-
tion of the magnetic field. Fitting the experimental data
to the Zeeman splitting Q4 = Q¢ £+ vB yields the slopes
of 1.14 4 0.03 em~*/T and 1.20 £ 0.02 cm™!/T, corre-
sponding to (2.44 4+ 0.06)up and (2.57 £ 0.04) up, respec-
tively. In the magneto-PL measurements summarized in
Table I, the chiral phonon replicas and their correspond-
ing excitonic states have the same g-factors [23-30], only
reflecting the properties of valley Zeeman splitting. In
Fig. 2(c), we compare the chiral phonon Zeeman split-
ting (Q4) and valley Zeeman splitting of A exciton and
find they are different in our CVD sample. The ~2.5up



effective phonon magnetic moment of MoSs is compara-
ble with the value of CdsAsy [9]. In this context, the
relative splitting AQ/Q in an external magnetic field of
50 T is expected to be ~0.4, which is approximately 6
orders of magnitude larger than the predicted values for
TMDCs [2].

In addition to frequency splitting, the 24 and _ com-
ponents in the oo~ and ¢~ ¢™ channels have distinct
Raman intensities. Figure 2(d) shows the integrated Ra-
man intensity of 24 and {2_ components as a function of
the magnetic field. In the positive magnetic field, Raman
scattering is dominated by the chiral phonon component
in the 0~o™ channel. By flipping the magnetic field,
Raman scattering from the opposite component becomes
dominant. The different scattering intensities from oppo-
site phonon chirality can be characterized by the helicity
polarization defined as

I(cto™)—I(cot)

P= I(cto)+1(c—0™) X 100% (1)

As shown in Fig. 2(e), the helicity polarization evolves
linearly with the magnetic field, arriving at 50% at +7
T. It is worth noting that the frequency and intensity
of the E" mode (384.3 cm™') remain unchanged under
magnetic field (see data in Supplementary Material Sec-
tion S3 [43]). This is mainly because the vibration of E”
mode breaks the horizontal mirror symmetry of MoSs
plane, allowing strong coupling with spin; while spin-
phonon coupling is essentially negligible for E' mode
[52, 53]. Recently, HRRS measurements of van der Waals
magnets FesGeTey (Dgp point group) [54] and CrBrs
(S¢ point group) [55] identify Es,/E, phonon modes in
the helicity-changed cto~ and o0~ ¢™ channels. How-
ever, these modes display no magnetic field dependence.
Therefore, we argue that observation of doubly degen-
erate Fa,/E,/E phonon modes that reverse the helic-
ity of incidence photon cannot guarantee the nontriv-
ial chirality-dependent magneto-optical properties. The
coupling between the chiral phonons and the spin-valley
degree of freedom must be considered as the key ingredi-
ent.

We also conduct HRRS measurements in pristine ex-
foliated monolayer MoS, flakes and reproduce the selec-
tion rule and phonon Zeeman splitting we obtained from
the CVD samples (see Supplementary Material Section
S4 [43]). However, the profound background from the
tail of the photoluminescence in exfoliated samples leads
to the skewed lineshape of the chiral phonon, hindering
further analysis of the helicity polarization. Since the
low intensity of the background in the CVD samples al-
lows more consistent analysis of the chiral phonon, the
data we show in this work are from the CVD samples
unless otherwise specified. Moreover, we examine the
laser power dependence of the split modes at 7 T and
find that their integrated intensities linearly grow with
the increasing laser power, which is consistent with the
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FIG. 3. Chiral phonon activated through exciton

transition. (a) Temperature-dependent Raman spectra in
the oo~ (orange), and o~ o™ (blue) polarization channels at
the excitation wavelength of 633 nm. The spectra are verti-
cally offset for clarity. (b) Integrated intensity (I.1.) of the chi-
ral phonon mode as a function of temperature. (c) Heatmap
of the temperature-dependent PL spectra measured using 532
nm excitation laser. “A” denotes the A exciton emission. The
colorscale represents the normalized PL intensity. (d) Raman
frequency of the Q24+ mode and (e) PL peak energy of the A
exciton as a function of temperature. The solid black curve
in (e) is the fit to Eq. (1). The black dashed lines in panels
(b)-(e) mark the temperature of 180 K where both Raman
(Q4+) and PL (A exciton) spectral intensities rapidly grow.

E' and A/l phonon modes (see Supplementary Material
Section S5 [43]).

C. Temperature-dependent measurements

To further investigate the origin of this chiral phonon
mode, we carry out temperature-dependent HRRS mea-
surements. As shown in Fig. 3(a), the chiral phonon
mode emerges at ~180 K and its integrated intensity
(I.1.) shown in Fig. 3(b) rapidly grows with decreasing
temperature. In parallel, Fig. 3(c) shows the tempera-
ture evolution of the PL spectra. As the broad localized
emitter peak vanishes above 80 K, the A exciton domi-
nates the PL spectra up to 295 K and the enhanced A
exciton emission below ~180 K is due to the quenched
non-radiative recombination at low temperature. The
emergence of the chiral phonon mode is concurrent with



the enhanced PL intensity of A exciton at ~180 K, sup-
porting the picture of exciton-activated chiral phonon.
Although A exciton and the chiral phonon mode are in-
timately connected, they exhibit distinct energy shifts in
the temperature-dependent measurements. As shown in
Fig. 3(d), the chiral phonon mode shifts by ~5 cm™1
(~0.6 meV) upon cooling from 180 K to 12 K. In con-
trast, the A exciton shifts toward higher energy by ~35
meV in this temperature range (see Fig. 3(e)). Similar
results are obtained in the exfoliated monolayer MoSs
(see Fig. S6 in the Supplementary Materials [43]).

We also directly compare the absolute photon energies
of the chiral phonon mode and the A exciton through
the temperature-dependent PL spectra at 633 nm exci-
tation and confirm that they follow different trends (See
Supplementary Materials Section S7 [43]). The shift of
A exciton can be attributed to the change of the semi-
conducting bandgap, which can be fitted to an equation
proposed in Ref. [56]

E,(T) = By~ § (ho) feoth(() 1] (2)
B

where (Aw) and S are the average phonon energy and the
coupling parameter, respectively. Remarkably, the rapid
shift of the Raman frequency without saturation (Fig.
3(d)) is distinct from the temperature-dependent behav-
ior of a typical phonon, indicating complicated mecha-
nism underlying this mode. First, the broad linewidth
of this mode suggests that it may be strongly impacted
by disorders. Second, the temperature dependence of
the Raman frequency is reminiscent of the anharmonic
phonon in SnSe [57]. Considering phonon Hamilto-
nian with lowest-order anharmonicity, the phonon stiff-
ens monotonically with the descending temperature (See
Supplementary Materials Section S7 [43]), which is con-
sistent with the trend of our experimental data. Despite
these plausible interpretations, the origin and properties
of this chiral phonon mode deserve further experimental
and theoretical investigations.

III. Theoretical calculations

To evaluate our experimental results, we carry out the-
oretical calculations based on the morphic effects [58-
60], a phenomenological treatment of the impact of an
external magnetic field on the Raman scattering of opti-
cal phonons in nonmagnetic crystals [61, 62]. The large
effective magnetic moment of the chiral phonon in MoSs
may be due to the interplay between the chiral phonon,
exciton, and the specific band structure of MoS, [63, 64],
while a microscopic theory is beyond the scope of this ex-
perimental work.

The detailed calculation methods can be found in AP-
PENDIX C. The presence of an external static magnetic
field (H = He,) introduces an additional term in the
effective spring constant K;(H) = K, + K,;g, where
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FIG. 4. Theoretical calculations of chiral phonon ac-
tivities in magnetic field. (a) Fitting of the split chi-
ral phonon frequencies to Eq. (3) derived from the mor-
phic effects. (b) Calculated Raman scattering cross-section
in the 070~ (orange) and 0~ o™ (blue) polarization channels
at varying magnetic field. (c) Helicity polarization of Raman
scattering cross-section as a function of magnetic field exacted
from (b). The experimental data (solid square) are overlaid
for comparison.

(Kji)ag = (aglg‘;‘ﬁ JH, is defined for the doubly degener-

ate phonon mode E” with a frequency of wj. Symmetry
analysis shows that K, is antisymmetric, allowing non-
zero K15 = — Ky = K. Thus, we obtain

K
+ ~
ij:,/w?iKHijiQW_H (3)

J

and the corresponding polarization vectors €;4+ =
%(eﬂ, +ie;9) are circularly polarized, corresponding to
the chiral phonon eigenmodes. This model can explain
the linear Zeeman splitting of the E” phonon in MoSs,
in contrast to the quadratic magnetic field dependence of
the TO phonon in PbTe [10].

By fitting this model to our experimental data (see
Fig.4(a)), we obtain K ~ 625 cm™2/T. We then simu-
late the HRRS process by calculating the susceptibility
tensor using the phonon eigenmodes. Based on the Ra-
man scattering cross-section I o |<es|%|ei>|2(ni + 1),
we implement the helicity selection rule and produce the
magnetic field-dependent HRRS spectra in Fig. 4(b).
The corresponding helicity polarization (see Fig. 4(c))
agrees with the experimental data very well.

IV. Conclusion

In summary, our work features the first direct observa-
tion of chiral phonon derived from the doubly degenerate
FE  mode in monolayer MoS; using helicity-resolved



Raman scattering. We demonstrate the resonant
excitation of A exciton activates the chiral phonon
and produces the helicity selection rule. The chiral
phonon exhibits large effective magnetic moment and
distinct Raman scattering intensity from the opposite
chirality, which holds promise for phonon transport and
quantum information applications. Our findings can be
extended to other two-dimensional hexagonal lattices
and shed light on manipulating chiral phonons through
the magneto-optical effect.

APPENDIX A: Experimental Methods

Raman spectra were taken in a backscattering geome-
try using a Horiba LabRAM HR Evolution Raman Mi-
croscope system with a thermoelectrically cooled multi-
channel detector (CCD). The spectrometer is equipped
with half- and quarter-wave plates and polarizers for
linear and circular polarization studies. A 40x objec-
tive lens was used. The power of both 532 nm and
633 nm lasers was kept below 0.5 mW. The Raman
and photoluminescence data were acquired using 1800
grooves/mm grating and 600 grooves/mm grating, re-
spectively. A closed-cycle helium cryostat (Cryo In-
dustries) was used for temperature-dependent measure-
ments. A cryogen-free 7 T superconducting magnet sys-
tem (Cryo Industries) was interfaced with our cryostat
for magneto-Raman measurements. All thermal cycles
were performed at a base pressure lower than 7x107
Torr.

The high-field photoluminescence measurements were
performed in a 14T Quantum Design Physical Properties
Measurement System equipped with a custom probe
containing a piezo stack (attocube) that translates the
sample under the objective (attocube, NA = 0.65).
The excitation was provided by a 532 nm laser and the
spectra were recorded using an IsoPlane 320 (Princeton
Instruments) with a TEC CCD camera.

APPENDIX B: Raman Tensor and Selection
Rule

The intensity of Raman scattering is defined as
I = |{es|R|e;)|?, where es and e; denote the polarization
vectors of scattered and incident photons and R indi-
cates the Raman tensor. In the backscattering geometry,
the left- and right-handed circularly polarized light can

. 1 1 .

be assigned as o7 = (z) and o~ = —i)’ respectively.
For linear polarization channels, the horizontal and

vertical polarization can be denoted as X = ((1)) and

Y = (?), respectively.
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FIG. 5. (a) Schematic of the in-plane rotation of monolayer
MoS; sample with an azimuthal angle ¢. (b) Raman intensity
of the 270 cm™* mode in the XX (red) and XY (blue) channels
as a function of ¢ in a polar plot. (c) Raman spectra in
the XX and XY channels at selected angles of ¢. The sharp
peak at ~250 cm™! appears only in the XX channel. It is
an A phonon mode that is not detectable in the 070~ /oo™
channels. The spectra are vertically offset for clarity.

In the off-resonance condition, the doubly degener-
ate £ mode of monolayer MoSy (point group Dsp)

000
has a Raman tensor in the form of [0 0 d| and
0do
0 0 —d
0 00 [46]. They are Raman active, but cannot
—d 0 0

be detected in the backscattering geometry.

Resonant excitation at 633 nm changes the selection
rules. To derive the Raman tensor for the new mode
at 270 cm™! in the backscattering geometry, we start

a b
e d . In the

circular polarization channels, the Raman intensity in the
otom /o~o~ channels can be written as follows:

with the most general 2 x 2 matrix M =

(o[ M o) = |(a + d) + (b= c)i]?
(o™ IMo™)* = [(a+d) = (b—c)il?

Because the new mode is absent in the oto™ /o700~
channels, we obtain d = —a and b = ¢. Thus we have
the Raman tensor in the form of R = (Cl _Ca), which

indeed has the symmetry of a doubly degenerate E' mode.



We then examine the selection rule in the linear polar-
ization channels by rotating the sample from 0° to 180°
(see Fig. 5(a)). The Raman intensity in the linearly par-
allel (XX) and crossed (XY) polarization channels can be
written as:

(X |R|X)|? = (acos2¢ — csin2¢)?
[(X|R|Y)|? = (asin2¢ + ccos2¢)?

As shown in Fig. 5(b)& 5(c), the new mode at
270 cm~! has identical Raman intensity in the XX
and XY channels without angular anisotropy, that is,
(X|R|X)|?> = |(X|R]Y)|*> = Constant. We thus obtain

1 —1
If R represents the left-handed phonon mode (24),
then its right-handed counterpart (Q2_) must be

1 —3
p A
R —&(_Z. .

ror operation. Based on R and R’, the helicity selection
rule for the {24+ mode observed in the resonant condition
is summarized in TABLE II, where the Q4 (2_) mode
can be exclusively selected by the oo~ (6~ 0™) channel.

. 1
¢ = ai and the Raman tensor becomes R =a | . ! )

, so that they are connected by a mir-

TABLE II. Helicity selection rule for the 2+ mode.

oTot[o o [oT

Raman tensor o |o~oT

R(Q4)=a C _Zl)
R(Q)=a (_11 :i) 0 0 0

16]al?

16]a)?

APPENDIX C: Methods of Theoretical
Calculations

We first use density functional theory calculations to
produce phonon frequencies and vibration modes. The
spring constants and dynamic matrix are obtained in this
process for subsequent model calculations. We consider
the unit cell of the monolayer MoS,, which consists of
3 atoms. The spring force constants are obtained by
the finite difference method within the generalized gradi-
ent approximation (GGA). Using the VASP package, the
spring force constants are computed by 7 x 7 x 1 super-
cells and a 3 x 3 x 1 GAMMA grid in the finite displace-
ment method, which is implemented using PHONOPY,
an open-source software package. We use an energy cut-
off of 650 eV after the convergence tests. In the lattice
relaxation process, the convergence thresholds of the to-
tal energy and Hellmann-Feynman force are set as 108
eV/A and 1078 eV/A. The optimized lattice constant
a = 3.18 A is obtained and the vacuum layer is fixed at
20 A. The resulting 6 modes can be described by the
irreducible representation, E” + 2E" + 24, + Aj.

To determine the Raman spectra, we calcu-
lated the derivative of the dielectric susceptibil-
ity with respect to the phonon displacement by
the Feynman-Hellman method. The correspond-

—0.936 0.360

: . opu .
ing Raman tensors are: R, (1) : [0.360 0.936] d
—0.191 —0.997

v :

%E”Q)' {—0.997 0.191
cm™1).

In the presence of an external static magnetic field
(H), the effective spring constant (p) can be expanded

in the components of the magnetic field:

] for the E” mode (279.2

Pap(lh: UK = QU UK ) + 1> @\ (1 UKV H, (4)
Y

where «, 3, v label the Cartesian coordinates, [ and I’
are the primitive unit cells of the crystal, and k and &’
are the atoms in a primitive unit cell. The frequency of
the Brillouin zone center mode can be obtained from the
solutions to the eigenvalue equation

w3jea (ki sjA) = ZDQB(kk’;H)eB(k’;sj)\) (5)
k' B

where the dynamic matrix Dyg(kk’; H) is defined as

1
Dop(kks H) = ———> " 0as(k;I'k')  (6)
VM My 4

and M, is the mass of the k™ atom, s labels the ir-
reducible representation of the phonon mode, j denotes
the modes of different frequencies that belong to the same
representation, and A is the dimension of the representa-
tion.

For doubly degenerate phonon mode E" with fre-
quency of w; and H = He,, the normalized polarization
vector €jx(X = 1,2) can be written as €5 = Xy Caxejn,
where € satisfies D(O)ej,\ = w?ej)\. Using Eq. (6), one
can obtain the new frequency w;gy from the eigenvalue
equation

2 2
ij — wj ZK12H -0 7
Kot H w2, —w?| (7)
21 JH j
Since Kyy = e;/\D(l)ej)\/ is an antisymmetric matrix,

ie. k1o = —Ko1 = K [61, 62]. By solving Eq. (7), we
obtain the linear Zeeman splitting of the £ mode and
the circularly polarized eigenvectors.
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S1. Atomic force microscope characterization of CVD-grown monolayer MoSs

Figure S1 shows the characterization of a representative CVD-grown MoS, flake. The
flake has a uniform surface as shown in the atomic force microscope (AFM) image in Fig.

S1(a). The height profile across the edge of the flake confirms its monolayer thickness.
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FIG. S1: (a) AFM image of a triangle CVD-grown MoS; flake on the SiO3/Si substrate. The

scale bar is 2 ym. (b) An AFM line profile across the edge of the flake as marked by the white
dashed line in (a).



S2. Comparison with resonant Raman spectrum of MoSs in the literature

In Fig. S2(b), we compare the Raman modes in our spectrum with the one from the

literature [1]. Both spectra are acquired using 633 nm excitation at low temperature. In

the spectral range of 300-700 cm™!, the Raman peaks in our data match the reference well.

In the range of 200-300 cm~!, we found two new modes in our spectrum. Compared with

the calculated phonon band shown in Fig. S2(a), the sharp doublet at ~240 cm™! can be

assigned to the LA mode at M or K point [2], and the broad peak centered at ~270 cm™*

matches the frequency of the E” mode.
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FIG. S2: (a) Calculated phonon dispersion of monolayer MoSs. (b) Raman spectra acquired

using 633 nm excitation from Ref. [1] (black) and our work (red).



S3. Magnetic-field dependent helicity-resolved Raman data of E' and A/1 modes

Figure S3 shows the magnetic field dependent measurements of the E' and A} phonon
modes. As marked by the dashed lines, in both helicity-reserved (0~ ¢~) and helicity-changed

(0~-0™") channels, the frequency of E' and A} is magnetic field independent.
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FIG. S3: Helicity-resolved Raman spectra showing the E' and A} phonon modes at varying
magnetic field at 12 K. The spectra are vertically offset for clarity and the spectra in the o0~ o~

channel are scaled by a factor of 0.2.



S4. Helicity-resolved Raman scattering data of exfoliated monolayer MoS,

We prepared a pristine exfoliated monolayer MoSs sample (see optical microscope image
in Fig. S4(a)) and measured the helicity-resolved Raman spectroscopy at 12 K. In the off-
resonance condition at 532 nm (see Fig. S4(b)), the energy separation between the £ and
A} phonon modes is ~18 em™!, which is consistent with the exfoliated monolayer MoSs.
In the on-resonance condition at 633 nm, as shown in Fig. S4(c) & S4(d), the broad E"
mode appears in the helicity-changed 070~ /o~0™" channels and is absent in the helicity-
reserved oot /o~0~ channels. Therefore, we confirm the E” mode exists in both CVD
and exfoliated MoSs samples following the same helicity selection rule. Note that in both
circularly parallel and crossed channels, the Raman spectra of the exfoliated sample have a
profound background from the tail of the photoluminescence.

Figure S4(e) shows the magnetic field dependent measurements of the exfoliated sample.
The lineshapes of the chiral mode become skewed due to the profound background. There-
fore, the frequency of the chiral mode is determined using the second-derivative method. As
shown in Fig. S4(f), the frequency of the split modes exhibits a linear response to the mag-
netic field. Linear fits to the experimental data yield slopes of 1.18 +0.04 cm™!/T (oo™
channel) and 1.47 + 0.04 cm™!/T (6~ 0" channel), respectively, which are similar to the val-
ues we obtained from the CVD samples. Note that at 0 T, the doubly degenerate E” mode
of the exfoliated MoS, is located at the DFT-predicted position of 280 cm™!. The deviation
of the peak position in CVD samples (270 cm™!) implies that this mode is sensitive to the

exciton and specific band structure of MoS,.
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FIG. S4: (a) Optical microscope image of the exfoliated MoSs flake. The yellow box encloses the
monolayer (1L) region. (b) In the off-resonance condition, E' and A/1 Raman modes acquired using
532 nm laser. In the on-resonance condition using 633 nm laser, the helicity selection rule of the E”
mode is examined in (¢) 070" /070~ and (d) cto~ /o~ o™ polarization channels. (e) Magnetic
field dependent Raman spectra in the 070~ /0”0 polarization channels. The grey dashed lines
are the guide to the eye of the phonon Zeeman splitting. (f) Split chiral mode frequencies as a

function of the magnetic field with linear fits. All the Raman spectra are measured at 12 K.



S5. Power-dependent measurements of the split chiral modes at 7 T

We carry out power-dependent measurements of the split modes at 7 T. As described in
APPENDIX A, the data shown in the main text are collected at 0.5 mW. Figure S5(a)
shows the Raman spectra in oo~ /o~ o™ channels acquired from 0.11 mW to 1.08 mW,
and no laser heating is observed in this process. The integrated intensities (I.I.) of the
split modes linearly scale up with the increasing power (see Fig. S5(b)), showing the same

behavior as the E' and A} phonon modes (see Fig. S5(c) & S5(d)).
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FIG. S5: (a) Raman spectra in the 070~ /o~ 0" channels acquired using varying laser powers.
(b) Integrated intensity of the split modes as a function of laser power. (¢) Raman spectra in the
otot /o~0~ channels acquired using varying laser powers. (d) Integrated intensity of the £ and

All modes as a function of laser power. All the Raman spectra are measured at 12 K and 7 T.



S6. Temperature-dependent measurements of exfoliated monolayer MoS,
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FIG. S6: (a) Temperature-dependent Raman spectra in the oo~ polarization channel at the
excitation wavelength of 633 nm. The spectra are vertically offset for clarity. (b) Integrated
intensity (I.I.) of the chiral phonon mode as a function of temperature. (c) Heatmap of the
temperature-dependent PL spectra of A exciton measured using 532 nm excitation laser. The
colorscale represents the normalized PL intensity. (d) Raman frequency of the Q4 mode and (e)
PL peak energy of the A exciton as a function of temperature. The solid black curve in (e) is the
fit to Eq. (1) in the main text. The black dashed lines in panels (b)-(e) mark the temperature of

120 K, where the chiral phonon mode emerges and the PL intensities of A exciton rapidly grow.



S7. Temperature-dependent measurements of PL at 633 nm excitation

We carry out temperature-dependent PL. measurements of CVD MoS, using the 633 nm
excitation laser, in which we can track both A exciton and the 270 cm™! Raman mode
simultaneously in their absolute photon energies. Going from 120 K to 12 K, the A exciton
shifts towards higher energy by ~11 meV (see Fig. S7(a)), which agrees with the value we
obtain from the 532 nm laser (see Fig. 3(e) in the main text). For the 270 cm™' Raman
mode, as we zoom in the energy range around 1.927 eV (see Fig. S7(b)), the absolute
photon energy shifts towards lower energy by ~0.5 meV (~4 cm™!), which is consistent
with the shift of this mode resolved in Raman spectra. In absolute photon energy, the A
exciton and the 270 cm™! Raman mode shift towards opposite directions, confirming their
distinct origins.

Upon cooling, the chiral phonon mode shifts by ~2% without saturation at the lowest
temperature, indicating the complicated nature of this mode beyond harmonic approxima-
tion. To evaluate the anharmonicity of this mode, we carry out theoretical calculations

based on the phonon Hamiltonian below
H,, = L + L Ly (1)
2m 2 4
where k is the spring constant, m is the effective mass, P is the momentum, and A is
the anharmonic strength. Using the formulation of Ref. [3], we calculate the temperature
dependence of optical conductivity defined as

) i 3l lm)

g
Wmn>0

26_/8Em _ e—ﬁEn 1 1

7 (w—wnm+ifo/2_w+wnm+ifo/2

) (2)

where F,,, |n) are the energies and eigenmodes of ]:Iph which we compute numerically using
perturbation theory. Here we consider phonon lifetime I'y as a constant, while as demon-
strated in Ref. [4], the model remains valid for a temperature-dependent phonon lifetime.
As shown in Fig. S7(c)& S7(d), for finite A, a rapid phonon frequency shift is obtained in
good agreement with the trend of our experimental data. Similar results were also reported
in SnSe [5]. Note that our simulation indicates that the anharmonic strength of the chiral
phonon mode in MoS, is relatively weak (\/k is approximately at the scale of 1073). In
contrast, the anharmonicity of chiral TO phonon in PbTe [4] is very strong, resulting in

softening phonon as temperature decreases.
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FIG. S7:

(a) PL spectra acquired using 633 nm excitation laser at varying temperatures. The
spectra are vertically offset for clarity. The grey broad profiles are fits to the A exciton. (b) Zoom
in of the yellow shaded block in (a). The grey dashed lines are the guide to the eye. (c) & (d) The
simulated phonon frequency as a function of temperature (7') for representative k and A values.

The temperature is in dimensionless unit and the phonon frequency (w) is normalized to the value

at T'=6.
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