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Exciton-activated effective phonon magnetic moment in monolayer MoS2
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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 MoS2 and identify a doubly de-
generate Brillouin-zone-center chiral phonon mode at ∼270 cm−1. 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 ∼2.5μB. 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 an achiral covalent material,
paving a route to excite and control chiral phonons.

DOI: 10.1103/PhysRevB.109.155426

I. INTRODUCTION

Circularly polarized phonons or chiral phonons are lattice
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 ele-
ment 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 demonstrated
coherent excitation of infrared-active phonon modes with con-
trolled relative phases, giving rise to dynamical magnetization
from lattice rotations in solids [8]. One of the intriguing dis-
coveries is that the chiral phonon magnetic moments can be
three to four orders of magnitude greater than the theoretical
calculation based on the Born effective charge and the ion
masses [2]. For example, the Eu optical phonon in the Dirac
semimetal Cd3As2 is excited by the circularly polarized THz
laser pulses. The giant effective magnetic moment of ∼2.7μB

(μB 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 external magnetic
field [9]. A similar size of phonon Zeeman splitting is also
reported in narrow-gap semiconductor PbTe [10], Pb1−xSnxTe
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thin films in the topological crystalline insulator phase
(x > 0.32) [11], and polar antiferromagnet Fe2Mo3O8 [12].
Remarkably, these studies all suggest electronic contributions
in describing the magnetic moments of chiral phonons. In
this regard, new mechanisms such as chiral phonon-induced
electronic orbital magnetization [13], spin-chiral phonon cou-
pling [14–17], and the topological contribution [18–21] are
proposed to explain dynamical magnetization.

In a broader sense, degenerate chiral phonons that consist
of superpositions of two orthogonal phonon components can
be resonantly excited with light [31]. This mechanism enables
the chirality-governed emission channels of phonons and pho-
tons, which have been implemented through the valley degree
of freedom in monolayer transition metal dichalcogenides
(TMDCs). The threefold rotational symmetry and spatial in-
version symmetry 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 WSe2 [22], various valley-selective chi-
ral phonon phenomena (summarized in Table I) have been
identified in magneto-photoluminescence (PL) spectra involv-
ing 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 con-
cerning 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
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TABLE I. Valley selective chiral phonon phenomena in photoluminescence experiments in TMDC systems. (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.)

Phenomena Material Optical excitation Phonon mode g factor Ref.

Infrared circular CVD WSe2 Dark A trion LO(K ) = 29 ± 8 meV N/A [22]
dichroism Bright B trion

Intravalley dark exciton −9.4 ± 0.1 [23,24]
−9.9 ± 0.1

Intravalley positive
dark trion E ′′(�) ∼ 21.4–21.6 meV −9.9 ± 0.2 [24]

Chiral phonon replicas Intravalley negative
in PL spectra BN/WSe2/BN dark trion −9.2 ± 0.1

Intervalley dark exciton E ′′(K ) ∼ 26.6 meV 12.5
Intravalley positive exciton E ′′(�) ∼ 24.1 meV 13.7 [25–27]
Intravalley negative exciton E ′′(K ) ∼ 26.6 meV 11.9

E ′′(�) of MoSe2 and −16 (H-type) [28]
Magnetophonon MoSe2/WSe2 WSe2

resonance at ∼24 T heterobilayer Interlayer exciton
TA phonons of MoSe2 −14.8 (H-type) [29]

Doublets of quantum- WSe2/BN Quantum dot emission E ′′(�) ∼ 21.8 meV −8.9 ± 1.1 [30]
dot-like peaks in PL −9.3 ± 1.9

intrinsic chiral phonon magnetic moment in TMDCs? In an
achiral and nonmagnetic material, how can one lift the de-
generacy of the chiral phonons and implement functional
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 condition, the he-
licity selection rule shows that the helicity-conserved A1g/A′

1
modes can be detected in the σ+σ+ and σ−σ− channels,
while the helicity-changed E2g/E ′ modes can be detected
in the σ+σ− and σ−σ+ channels, where σ iσ s (i, s = +,−)
denotes helicities of the incident and scattered light [36].
The on-resonance excitation leads to modified Raman ten-
sors in the helicity selection rule, revealing the nature of
exciton-phonon coupling from the deformation potential or
the Fröhlich interaction [37]. Remarkably, recent studies show
that HRRS is sensitive to chirality-related phenomena such as
chiral phonon splitting in α-HgS [38], chiral charge density
wave [39], and ferrorotational domain states in 1 T-TaS2 [40].
In this work, using HRRS on resonance with the A exci-
ton of monolayer MoS2, we identify a new broad mode at
∼270 cm−1 and the selection rule analysis demonstrates that
this mode is a doubly degenerate chiral phonon (�±). 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 σ+σ− and σ−σ+ channels
reveals an effective phonon magnetic moment of ∼2.5μB,
which is approximately six orders of magnitude greater than
the theoretically predicted value of TMDCs. Moreover, the
magnetic field can control the helicity polarization (ρ) of the
�+ and �− modes in a linear fashion up to 50% at ±7 T. In
contrast to the behavior of thermally populated phonons, our
temperature-dependent measurements show that this chiral

phonon appears at ∼180 K and its spectral intensity grows
rapidly with descending temperature. The onset 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. Finally, 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 MoS2 are synthesized on a SiO2/Si sub-
strate via chemical vapor deposition (CVD) [41,42]. Atomic
force microscope characterization of a MoS2 flake is shown in
Fig. S1 in the Supplemental Material [43]. We first compare
the PL spectra acquired at 12 K using 532 nm (2.33 eV)
and 633 nm (1.96 eV) excitation [see Fig. 1(c)]. While the A
exciton (∼1.90 eV) and broad localized emitter peak (∼1.65–
1.85 eV) are found in the PL spectrum at 532 nm excitation,
a series of Raman peaks appear in the 633 nm spectrum.
By comparing these Raman peaks with the existing resonant
Raman spectrum of MoS2 (see Fig. S2 in the Supplemental
Material [43]), we identify a new mode at ∼270 cm−1 [ab-
solute energy of ∼1.927 eV as marked by the gray 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 MoS2 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 �±. We note that a sharp Raman mode at
287 cm−1 was previously reported in 2H-MoS2 and Raman
mapping demonstrates that it is an E1g 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 surveyed the body and edge regions on our
MoS2 flake and confirmed that the chiral phonon mode is not
an edge mode.
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FIG. 1. Helicity selection rule of the doubly degenerate chiral phonon in monolayer MoS2. (a) Calculated phonon dispersion of monolayer
MoS2. (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 (�±). (c) PL spectra acquired in the σ+σ− 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
σ+σ+ (yellow), σ−σ− (green), σ+σ− (orange), and σ−σ+ (blue) polarization channels. The gray shaded areas in (c)–(e) highlight the chiral
phonon modes. The spectra in the range of 340–440 cm−1 in the σ+σ+ and σ−σ− channels are scaled by a factor of 0.1.

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 ap-
pears at 384.3 cm−1 in σ+σ− and σ−σ+ channels, while the
out-of-plane A′

1 mode appears at 405.4 cm−1 in the σ+σ+ and
σ−σ− channels, which agrees with the HRRS results in the
literature [33,45]. Also, the ∼21 cm−1 frequency difference
between E ′ and A′

1 modes is consistent with the CVD-grown
monolayer MoS2 [46].

Under the resonant excitation at 633 nm, the breakdown
of the helicity selection rule occurs for E ′ and A′

1 modes due
to the exciton-phonon coupling [37,45]. For the new mode
at ∼270 cm−1, as shown in Fig. 1(e), it only appears in the
helicity-changed σ+σ− and σ−σ+ channels with identical
frequency and intensity, and is absent in the helicity-reserved
σ+σ+ and σ−σ− channels. We can thus retrieve the Ra-
man tensor of this mode in the form of R = (

a c
c −a

)
or

R′ = (
a −c−c −a

)
. The nonzero off-diagonal term c guarantees

that R and R′ are connected by a mirror operation, representing
Raman modes with opposite chirality. Therefore, we assign
the new mode as the doubly degenerate chiral phonon (�±).
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 under the off-resonance condi-
tion [see Fig. 1(d)]. Moreover, we examine the selection rule
in the linear polarization channels (see Fig. 5 in Appendix B).
The linearly parallel and crossed channels have the same Ra-
man intensity and exhibit no angular anisotropy upon in-plane

rotation of the sample. We thus determine the diagonal term
c = ai. The detailed derivation of the Raman tensors can be
found in Appendix B. The complex Raman tensor and the
relative phase between the diagonal and off-diagonal tensor
elements indicate that the resonant excitation and anisotropic
electron-phonon interaction may play a key role in the acti-
vation of this chiral phonon [47–50]. It is worth noting that
an axial Higgs mode in the charge density wave system RTe3

was recently detected by quantum interference between the
pathways with symmetric and antisymmetric contributions to
the Raman tensor [51]. Our findings of the complex Raman
tensor provide another 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 mea-
surements. Figure 2(a) shows the Raman spectra in the σ+σ−
and σ−σ+ channels acquired at 12 K with varying magnetic
fields from −7 T to 7 T. The application of a magnetic field
lifts the degeneracy of the chiral phonon, leading to the split
�+ and �− components in the σ+σ− and σ−σ+ channels,
respectively. As shown in Fig. 2(b), the frequency of the split
modes exhibits a linear response as a function of the magnetic
field. Fitting the experimental data to the Zeeman splitting
�± = �0 ± γ B yields the slopes of 1.14 ± 0.03 cm−1/T and
1.20 ± 0.02 cm−1/T, corresponding to (2.44 ± 0.06)μB and
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FIG. 2. Broken frequency and intensity degeneracy of chiral phonon in the magnetic field. (a) Magnetic field-dependent Raman spectra in
the σ+σ− (orange) and σ−σ+ (blue) polarization channels at the excitation wavelength of 633 nm at 12 K. The spectra are vertically offset for
clarity. The gray 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 (gray circles)
and the chiral phonon Zeeman splitting determined by Raman (black squares). Inset shows the split σ+ and σ− 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 (ρ) as a function of the magnetic field with
the linear fit. The blue and orange shades indicate the dominant Raman signal.

(2.57 ± 0.04)μB, respectively. In the magneto-PL measure-
ments summarized in Table I, the chiral phonon replicas and
their corresponding excitonic states have the same g fac-
tors [23–30], only reflecting the properties of valley Zeeman
splitting. In Fig. 2(c), we compare the chiral phonon Zeeman
splitting (�±) and valley Zeeman splitting of A exciton and
find they are different in our CVD sample. The ∼2.5μB effec-
tive phonon magnetic moment of MoS2 is comparable with
the value of Cd3As2 [9]. In this context, the relative splitting
��/�0 in an external magnetic field of 50 T is expected to be
∼0.4, which is approximately six orders of magnitude larger
than the predicted values for TMDCs [2].

In addition to frequency splitting, the �+ and �− compo-
nents in the σ+σ− and σ−σ+ channels have distinct Raman
intensities. Figure 2(d) shows the integrated Raman intensity
of �+ and �− components as a function of the magnetic field.
In the positive magnetic field, Raman scattering is dominated
by the chiral phonon component in the σ−σ+ channel. By flip-
ping the magnetic field, Raman scattering from the opposite
component becomes dominant. The different scattering inten-
sities from opposite phonon chirality can be characterized by
the helicity polarization defined as

ρ =
∣∣∣∣ I(σ+σ−) − I(σ−σ+)

I(σ+σ−) + I(σ−σ+)

∣∣∣∣ × 100%. (1)

As shown in Fig. 2(e), the helicity polarization evolves lin-
early 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−1) remain unchanged under magnetic field
(see data in Supplemental Material Sec. S3 [43]). This is
mainly because the vibration of E ′′ mode breaks the horizontal
mirror symmetry of MoS2 plane, allowing strong coupling
with spin; while spin-phonon coupling is essentially negligi-
ble for E ′ mode [52,53]. Recently, HRRS measurements of
van der Waals magnets Fe3GeTe2 (D6h point group) [54] and
CrBr3 (S6 point group) [55] identify E2g/Eg phonon modes
in the helicity-changed σ+σ− and σ−σ+ channels. However,
these modes display no magnetic field dependence. Therefore,
we argue that observation of doubly degenerate E2g/Eg/E ′
phonon modes that reverse the helicity of incidence photon
cannot guarantee the nontrivial chirality-dependent magneto-
optical properties. The coupling between the chiral phonons
and the spin-valley degree of freedom must be considered as
the key ingredient.

We also conduct HRRS measurements in pristine exfoli-
ated monolayer MoS2 flakes and reproduce the selection rule
and phonon Zeeman splitting we obtained from the CVD
samples (see Supplemental Material Sec. S4 [43]). However,
the profound background from the tail of the photolumines-
cence in exfoliated samples leads to the skewed line shape
of the chiral phonon, hindering further analysis of the helic-
ity polarization. Since the low intensity of the background
in the CVD samples allows more consistent analysis of the
chiral phonon, the data we show in this work are from the
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FIG. 3. Chiral phonon activated through exciton transition. (a) Temperature-dependent Raman spectra in the σ+σ− (orange) and σ−σ+

(blue) polarization channels 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) Heat map of the temperature-dependent PL spectra measured using 532 nm excitation
laser. “A” denotes the A exciton emission. The color scale represents the normalized PL intensity. (d) Raman frequency of the �± 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 (�±) and PL (A exciton) spectral intensities rapidly grow.

CVD samples unless otherwise specified. Moreover, we ex-
amine 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 E ′ and A′

1 phonon modes (see Supplemental Material
Sec. S5 [43]).

C. Temperature-dependent measurements

To further investigate the origin of this chiral phonon
mode, we carry out temperature-dependent HRRS measure-
ments. As shown in Fig. 3(a), the chiral phonon mode
emerges at ∼180 K and its integrated intensity (I.I.) shown
in Fig. 3(b) rapidly grows with decreasing temperature. In

parallel, Fig. 3(c) shows the temperature evolution of the PL
spectra. As the broad localized emitter peak vanishes above
80 K, the A exciton dominates the PL spectra up to 295 K and
the enhanced A exciton emission below ∼180 K is due to the
quenched nonradiative recombination at low temperature. The
emergence of the chiral phonon mode is concurrent with the
enhanced PL intensity of A exciton at ∼180 K, supporting the
picture of exciton-activated chiral phonon. Although A exci-
ton and the chiral phonon mode are intimately 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 contrast, the A exciton shifts toward higher en-
ergy by ∼35 meV in this temperature range [see Fig. 3(e)].
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FIG. 4. Theoretical calculations of chiral phonon activities in magnetic field. (a) Fitting of the split chiral phonon frequencies to Eq. (3)
derived from the morphic effects. (b) Calculated Raman scattering cross section in the σ+σ− (orange) and σ−σ+ (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.

Similar results are obtained in the exfoliated monolayer MoS2

(see Fig. S6 in the Supplemental Material [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 excitation and
confirm that they follow different trends (see Supplemental
Material Sec. S7 [43]). The shift of A exciton can be attributed
to the change of the semiconducting band gap, which can be
fitted to an equation proposed in Ref. [56]

Eg(T) = E0 − S〈h̄ω〉
[

coth

( 〈h̄ω〉
kBT

)
− 1

]
, (2)

where 〈h̄ω〉 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 dis-
tinct from the temperature-dependent behavior of a typical
phonon, indicating a complicated mechanism underlying this
mode. First, the broad linewidth of this mode suggests that it
may be strongly impacted by disorders. Second, the temper-
ature dependence of the Raman frequency is reminiscent of
the anharmonic phonon in SnSe [57]. Considering a phonon
Hamiltonian with lowest-order anharmonicity, the phonon
stiffens monotonically with the descending temperature (see
Supplemental Material Sec. S7 [43]), which is consistent 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 investiga-
tions.

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 optical phonons
in nonmagnetic crystals [61,62]. The large effective magnetic
moment of the chiral phonon in MoS2 may be due to the
interplay between the chiral phonon, exciton, and the specific
band structure of MoS2 [63,64], while a microscopic theory is
beyond the scope of this experimental work.

The detailed calculation methods can be found in Ap-
pendix C. The presence of an external static magnetic
field (H = Hez) introduces an additional term in the effec-
tive spring constant Kj (H ) = Kj + KjH , where (KjH )αβ =( ∂Kjαβ

∂Hγ

)
Hγ is defined for the doubly degenerate phonon mode

E ′′ with a frequency of ω j . Symmetry analysis shows that KjH
is antisymmetric, allowing nonzero K12 = −K21 = K . Thus
we obtain

ω±
jH =

√
ω2

j ± KH ≈ ω j ± K

2ω j
H (3)

and the corresponding polarization vectors ε̃ j± =
1√
2
(ε j1,±iε j2) are circularly polarized, corresponding to

the chiral phonon eigenmodes. This model can explain the
linear Zeeman splitting of the E ′′ phonon in MoS2, 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 simulate
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the HRRS process by calculating the susceptibility tensor
using the phonon eigenmodes. Based on the Raman scattering
cross section I ∝ |〈es| ∂χ

∂qi
|ei〉|2(ni + 1), we implement the he-

licity selection rule and produce the magnetic field-dependent
HRRS spectra in Fig. 4(b). The corresponding helicity polar-
ization [see Fig. 4(c)] agrees with the experimental data very
well.

IV. CONCLUSION

In summary, our work features the direct observation of
chiral phonon derived from the doubly degenerate E ′′ mode
in monolayer MoS2 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 in-
formation applications. Our findings can be extended to other
two-dimensional hexagonal lattices and shed light on manip-
ulating chiral phonons through the magneto-optical effect.
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APPENDIX A: EXPERIMENTAL METHODS

Raman spectra were taken in a backscattering geometry
using a Horiba LabRAM HR Evolution Raman Microscope
system with a thermoelectrically cooled multichannel detector
(CCD). The spectrometer is equipped with half- and quarter-
wave plates and polarizers for linear and circular polarization
studies. A 40× objective 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, respec-
tively. A closed-cycle helium cryostat (Cryo Industries) was
used for temperature-dependent measurements. A cryogen-
free 7 T superconducting magnet system (Cryo Industries)
was interfaced with our cryostat for magneto-Raman measure-
ments. All thermal cycles were performed at a base pressure
lower than 7×10−7 Torr.

The high-field photoluminescence measurements were per-
formed in a 14 T Quantum Design Physical Properties
Measurement System equipped witha custom probe contain-
ing a piezo stack (attocube) that translates the sample under
the objective (attocube, NA = 0.65). The excitation was pro-
vided 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|ei〉|2, where es and ei denote the polarization vectors of
scattered and incident photons and R indicates the Raman ten-
sor. In the backscattering geometry, the left- and right-handed

circularly polarized light can be assigned as σ+ =
(

1
i

)
and

σ− =
(

1
−i

)
, respectively. For linear polarization channels, the

horizontal and vertical polarization can be denoted as X = (1
0)

and Y = (0
1), respectively.

In the off-resonance condition, the doubly degenerate E ′′
mode of monolayer MoS2 (point group D3h) has a Raman ten-

sor in the form of

(
0 0 0
0 0 d
0 d 0

)
and

(
0 0 −d
0 0 0

−d 0 0

)
[46]. They

are Raman active, but cannot 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−1 in
the backscattering geometry, we start with the most general

2×2 matrix M =
(

a b
c d

)
. In the circular polarization chan-

nels, the Raman intensity in the σ+σ+/σ−σ− channels can
be written as follows:

|〈σ+|M|σ+〉|2 = |(a + d ) + (b − c)i|2,
|〈σ−|M|σ−〉|2 = |(a + d ) − (b − c)i|2.

Because the new mode is absent in the σ+σ+/σ−σ− chan-
nels, we obtain d = −a and b = c. Thus we have the Raman

tensor in the form of R =
(

a c
c −a

)
, which indeed has the

symmetry of a doubly degenerate E mode.
We then examine the selection rule in the linear polariza-

tion channels by rotating the sample from 0◦ to 180◦ [see
Fig. 5(a)]. The Raman intensity in the linearly parallel (XX)
and crossed (XY) polarization channels can be written as

|〈X |R|X 〉|2 = (a cos2φ − c sin2φ)2,

|〈X |R|Y 〉|2 = (a sin2φ + c cos2φ)2.

As shown in Figs. 5(b) and 5(c), the new mode at 270
cm−1 has identical Raman intensity in the XX and XY
channels without angular anisotropy, that is, |〈X |R|X 〉|2 =
|〈X |R|Y 〉|2 = const. We thus obtain c = ai and the Raman
tensor becomes R = a(1 i

i −1). If R represents the left-handed
phonon mode (�+), then its right-handed counterpart (�−)

must be R′ = a
(

1 −i
−i −1

)
, so that they are connected by a

mirror operation. Based on R and R′, the helicity selection
rule for the �± mode observed in the resonant condition is
summarized in Table II, where the �+(�−) mode can be
exclusively selected by the σ+σ−(σ−σ+) channel.
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FIG. 5. (a) Schematic of the in-plane rotation of monolayer
MoS2 sample with an azimuthal angle φ. (b) Raman intensity of the
270 cm−1 mode in the XX (red) and XY (blue) channels as a function
of φ in a polar plot. (c) Raman spectra in the XX and XY channels at
selected angles of φ. The sharp peak at ∼250 cm−1 appears only in
the XX channel. It is an A phonon mode that is not detectable in the
σ+σ−/σ−σ+ channels. The spectra are vertically offset for clarity.

APPENDIX C: METHODS OF THEORETICAL
CALCULATIONS

We first use density functional theory calculations to pro-
duce 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 MoS2, which consists of three atoms.
The spring force constants are obtained by the finite differ-
ence method within the generalized gradient approximation
(GGA). Using the VASP package, the spring force constants
are computed by 7×7×1 supercells and a 3×3×1 GAMMA
grid in the finite displacement method, which is implemented
using PHONOPY, an open-source software package. We use
an energy cutoff of 650 eV after the convergence tests. In
the lattice relaxation process, the convergence thresholds of
the total energy and Hellmann-Feynman force are set as
10−8 eV/Å and 10−8 eV/Å. The optimized lattice constant
a = 3.18 Å is obtained and the vacuum layer is fixed at 20 Å.
The resulting six modes can be described by the irreducible
representation, E ′′ + 2E ′ + 2A′′

2 + A′
1.

TABLE II. Helicity selection rule for the �± mode.

Raman tensor σ+σ+ σ−σ− σ+σ− σ−σ+

R(�+) = a

(
1 i
i −1

)
0 0 16|a|2 0

R′(�−) = a

(
1 −i
−i −1

)
0 0 0 16|a|2

To determine the Raman spectra, we calculated the deriva-
tive of the dielectric susceptibility with respect to the phonon
displacement by the Feynman-Hellman method. The cor-

responding Raman tensors are Reμ

E′′ (1):
[

−0.936 0.360
0.360 0.936

]
and

Reμ

E′′ (2):
[

−0.191 −0.997
−0.997 0.191

]
for the E ′′ mode (279.2 cm−1).

In the presence of an external static magnetic field (H), the
effective spring constant (ϕ) can be expanded in the compo-
nents of the magnetic field:

ϕαβ (lk; l ′k′) = ϕ
(0)
αβ (lk; l ′k′) + i

∑
γ

ϕ
(1)
αβγ (lk; l ′k′)Hγ , (C1)

where α, β, γ label the Cartesian coordinates, l and l ′ are
the primitive unit cells of the crystal, and k and k′ 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

ω2
s jεα (k; s jλ) =

∑
k′β

Dαβ (kk′; H )εβ (k′; s jλ), (C2)

where the dynamic matrix Dαβ (kk′; H ) is defined as

Dαβ (kk′; H ) = 1√
MkMk

∑
l ′

ϕαβ (lk; l ′k′) (C3)

and Mk is the mass of the kth atom, s labels the irreducible
representation of the phonon mode, j denotes the modes of
different frequencies that belong to the same representation,
and λ is the dimension of the representation.

For doubly degenerate phonon mode E ′′ with frequency of
ω j and H = Hez, the normalized polarization vector ε̃ jλ(λ =
1, 2) can be written as ε̃ jλ = �λ′Cλλ′ε jλ′ , where ε jλ satisfies
D(0)ε jλ = ω2

jε jλ. Using Eq. (6), one can obtain the new fre-
quency ω jH from the eigenvalue equation∣∣∣∣∣

ω2
jH − ω2

j iK12H
iK21H ω2

jH − ω2
j

∣∣∣∣∣ = 0. (C4)

Since Kλλ′ = ε
†
jλD(1)ε jλ′ is an antisymmetric matrix, i.e.,

k12 = −K21 = K [61,62]. By solving Eq. (7), we obtain the
linear Zeeman splitting of the E ′′ mode and the circularly
polarized eigenvectors.
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