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We report Raman forbidden layer-breathing modes (LBMs) in layered semiconductor materials (LSMs).
The intensity distribution of all observed LBMs depends on layer number, incident light wavelength, and
refractive index mismatch between LSM and underlying substrate. These results are understood by a
Raman scattering theory via the proposed spatial interference model, where the naturally occurring optical
and phonon cavities in LSMs enable spatially coherent photon-phonon coupling mediated by the
corresponding one-dimensional periodic electronic states. Our work reveals the impact of spatial coherence
of photon and phonon fields on phonon excitation via photon or phonon cavity engineering.

DOI: 10.1103/PhysRevLett.134.096903

Raman scattering is a ubiquitous tool for probing
elementary excitations [1–3] (e.g., phonons) and electron
(exciton)-photon or -phonon (e-pht and e-phn, respec-
tively) interactions [4–6] in both bulk and nanoscale
materials. In the quantum picture of Raman scattering,
incident photons first excite a set of intermediate electronic
states, which then generate or absorb phonons and give rise
to energy-shifted scattered photons [1,7]. The intermediate
electronic excitations are pivotal as quantum pathways in
Raman scattering [7–9] and determine the e-pht and e-phn
interaction matrix elements [1,4,6,10]. Traditionally, these
can be evaluated by making a multipole expansion [1],
based on the premise that the wavelength of light is large
compared with atomic dimensions. Usually, only the first
term of the multipole expansion, i.e., electric dipole, is
retained [1], defining the Raman tensor based on group
symmetry analysis to determine the polarization selection
rules [1,11]. An interlayer bond polarizability model
(IBPM) within this approximation was also developed to
understand the Raman intensity of interlayer phonons in
ultrathin layered materials (LMs) [12,13] and in LM hetero-
structures showing cross-dimensional e-phn coupling [14].
In this case, the e-pht matrix element is considered inde-
pendent of the photon wave vector.
If incident light wavelength and dimension of phonon

displacement field are comparable, the premise for multi-
pole expansion fails, leading to the breakdown of the

Raman selection rules based on symmetry analysis. It is a
challenge to achieve matching between light wavelength
and dimension of phonon displacement fields for Raman
scattering in bulk solids. However, LMs can act as phonon
cavity [15–17] by generating standing waves, enabling
wavelength (and wave vector) matching between photon
field and the phonon field standing waves by adjusting LM
thickness and dielectric environment. LMs can also gen-
erate a Fabry-Pérot optical cavity with photon field redis-
tribution for enhanced light-matter interaction [18,19],
which could induce a change in photon-phonon (pht-phn)
coupling. These cavity effects could result in new Raman
selection rules.
Here, we show that layered semiconductor materials

(LSMs) with specific thicknesses can act as a naturally
occurring optical cavities and induce spatial variations in
the photon field inside LSMs, and a phonon cavity to
match the photon wave vector with quantized standing-
wave vectors of layer-breathing phonons along the out-
of-plane axis. The two effects result in spatially modulated
e-pht and e-phn interactions and the observation of Raman
forbidden layer-breathing modes (LBMs). A spatial inter-
ference model (SIM) of pht-phn coupling that integrates
e-pht and e-phn interactions is presented to describe
the intensity of Raman-inactive LBMs dependent on
LBM standing-wave vectors, LSM layer number, excita-
tion wavelength, and the underlying substrate. This novel
Raman scattering theory of pht-phn coupling goes beyond
the traditional electric dipole approximation in Raman
tensor theory.*Contact author: phtan@semi.ac.cn

PHYSICAL REVIEW LETTERS 134, 096903 (2025)
Editors' Suggestion

0031-9007=25=134(9)=096903(7) 096903-1 © 2025 American Physical Society

https://orcid.org/0000-0001-5838-8237
https://orcid.org/0000-0001-9156-6760
https://orcid.org/0000-0002-2582-6322
https://orcid.org/0009-0009-1154-8614
https://orcid.org/0000-0002-1147-8267
https://orcid.org/0000-0001-7061-2692
https://orcid.org/0000-0001-6575-1516
https://ror.org/048dd0611
https://ror.org/05qbk4x57
https://ror.org/05qbk4x57
https://ror.org/013meh722
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.134.096903&domain=pdf&date_stamp=2025-03-07
https://doi.org/10.1103/PhysRevLett.134.096903
https://doi.org/10.1103/PhysRevLett.134.096903
https://doi.org/10.1103/PhysRevLett.134.096903
https://doi.org/10.1103/PhysRevLett.134.096903


Weconsider the interaction diagram in aRaman scattering
event involving one phonon excitation [Fig. 1(a)], whereωi,
ωs, and ωphn are the frequencies of incident (i), scattered (s)
photons, and phonon, respectively. The interactions between
incident or scattered photons and phonons are mediated by
electron-hole (e-h) pairs [1] or excitons [20], where e-pht
and e-phn interactions are characterized by the correspond-
ing matrix elementsMe-phtði=sÞ andMe-phn [1]. The output in
this scattering event is determined by a third-order pertur-
bation process [1,21]:

I ∝
����
X

e;e0
Me-phtðiÞMe-phnMe-phtðsÞ

ðℏωi − ϵe-h þ iγÞðℏωs − ϵe0-h þ iγÞ
����
2

; ð1Þ

where h; e and e0 label the states of the photoexcited hole,
photoexcited electron and scattered electron, respectively,
ωs¼ωi�ωphn, ϵe-h and ϵe0-h are the energies of electronic
transitions, and γ is the homogeneous linewidth of the
electronic transition [1,21]. The Raman intensity is sensitive
to the pht-phn coupling, i.e.,Me-phtðiÞMe-phnMe-phtðsÞ, and the
detuning of the involved photon from inherent optical
resonances [1,7,10,22–24]. Once incident or scattered
photon and phonon are confined and overlap in a cavity,
both Me-pht and Me-phn can exhibit spatial variations within
the cavity, resulting in constructive or destructive interfer-
ence of pht-phn coupling in real space.
Here we use LSM flakes with layer number N > 1, such

as MX2 (M ¼ Mo, W and X¼S, Se) (NL-MX2). These
have N−1 phonon modes involving the relative motions of

atomic planes along the out-of-plane (c) axis, i.e.,
LBMN;N−j (j ¼ 1; 2…N − 1) [22,25–28], as depicted by
LBM3−j (j ¼ 1, 2) of 3L-MX2 in Fig. 1(b). According to
the linear chain model [25–28], the atomic plane displace-
ments are given by uLBMðqj; zÞ ¼ ðeiqjz þ e−iqjzÞ=2, where
qj ¼ πj=ðNtÞ ¼ jδq (j ¼ 1; 2…N − 1) with δq being the
qj difference between two adjacent LBMs and z ¼ ð2n −
1Þt=2 with n the layer index and t the thickness of
monolayer. Thus, LBMs can be considered as phonon
cavity modes showing standing-wave feature with wave-
length λLBMN;N−j

¼ 2Nt=j, i.e., the superposition of two
one-dimensional (1d) counterpropagating plane-wave com-
ponents (out-of-plane), labeled þqj (−qj) for the compo-
nents propagating away from (toward) the sample surface,
as exemplified by the displacement field profiles of
LBM20;20−j (j ¼ 1, 2) for 20L-MX2 [color contour and
white curves in Fig. 1(c)]. The quantized qj along the c axis
corresponds to the standing-wave vector of LBM displace-
ment fields in LSMs. This phonon cavity characteristic for
LBMs in LSMs provides a platform to enable wave vector
matching between a photon and the standing wave of
phonons by tuning N. The frequencies of the N − 1 LBMs
are also dependent on qj and can be derived from the linear
chain model [25–28] as PosðLBMN;N−jÞ ¼ PosðLBM∞Þ
sinðqjt=2Þ, where PosðLBM∞Þ represents the peak position
of the LBM in a bulk LSM. PosðLBMN;N−jÞ can be also
expressed by the dispersion ω − q of the longitudinal
acoustic phonons in bulkMX2 along Γ − A direction [qA ¼
ð0; 0; π=tÞ] [29], in which the confinement of NL-MX2 in
the c axis limits qj of LBMN;N−j to integral multiples of
π=Nt, as demonstrated for 4L- and 20L-WS2 in Fig. 1(d).
To probe the LBMs in WS2 flakes, we use an incident

photon energy of 2.54 eV (Sec. I and Fig. S1 in
Supplemental Material [30]), resonant with the C exciton
energy ∼2.6 eV [42,43]. The experimental LBMN;N−j
intensity distribution of 4L-WS2 [Fig. 1(d)] can be under-
stood by the IBPM (Sec. II in Supplemental Material [30]),
with LBMN;N−j (j is odd) peaks and absence of even
LBMN;N−j (j is even; Fig. S2 in Supplemental Material
[30]). However, for 20L-WS2, significant differences
emerge, particularly with the rising intensity of even
LBMN;N−j peaks, predicted to be Raman-inactive by the
IBPM [Fig. 1(d)] and symmetry analysis. 20L-WS2 exhibits
much smaller qj (0.25 nm−1 when j ¼ 1) than that
(1.27 nm−1 when j ¼ 1) in 4L-WS2. The former is com-
parable with the change of the light wave vector
(Δk ¼ 2ki ¼ 0.13 nm−1, where ki ¼ 2πñ1=λi is the wave
vector at incident laser wavelength λi within a LSM with
refractive index ñ1) in backscattering configuration. This
suggests a novel mechanism ruling the observation of
forbidden even LBMN;N−j, due to the wave vector matching
between an incident or scattered photon and standing wave
of LBM phonon within a 20L-WS2 cavity.

(a)

(d)

(b) (c)

FIG. 1. (a) Raman scattering modulated by photon or phonon
fields overlapping in a cavity. (b) Displacements of LBMs in
3L-MX2, where the arrow length represents the vibration ampli-
tude. (c) Side view of displacement field profiles of LBM20;20−j
(j ¼ 1,2) in 20L-MX2, where the color represents the amplitude.
(d)ω − q alongΓ − A directionwithq-dependent PosðLBMN;N−jÞ
in 4L- and 20L-WS2 and experimental (blue) and IBPM predicted
(gray) Raman spectra of the corresponding LBMs.
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For specific ℏωi (or λi), the Raman intensity of LBMs in
LSMs is usually determined by Me-phtðiÞMe-phnMe-phtðsÞ in
Eq. (1). We first consider the e-phn interaction term
Me-phn. ℏωi ¼ 2.54 eV can resonantly excite e-h pairs
close to Γ point of Brillouin zone related to the C exciton
of WS2 flakes, confined within each layer [44] (Sec. III
and Fig. S3 in Supplemental Material [30]) and form an
ensemble of confined electronic states (i.e., 1d periodic
electronic states [44,45]). The standing-wave nature of
LBMs generates a lattice dilation along the c axis. Thus,
Me-phn between delocalized LBMs and the 1d periodic
electronic states can be expressed by the deformation-
potential interaction [21,31] as (Sec. III in Supplemental
Material [30]):

Me-phn ∝
1
2
� 1

2
þ nðqjÞ
ωphn

Z
jΨðzÞj2mphðqjzÞdz; ð2Þ

where ΨðzÞ is the 1d periodic electronic wave function,
mphðqj; zÞ ¼ eiqjz − e−iqjz gives the lattice dilation along the
c axis, nðqjÞ is the Bose-Einstein population factor, and the
þ (−) sign stands for Stokes (anti-Stokes) Raman scattering.
The layer displacements of LBMs lead to significant spatial
modulation of Me-phn, which depends on qj. Within the
electric dipole approximation, Me-phtði=sÞ is considered as
constant with polarization direction of the incident (scat-
tered) light. In this case, the LBM intensity is proportional to
jMe-phnj2. The corresponding calculated LBM spectrum
(Fig. S4 in Supplemental Material [30]) does not have even
LBMs for 20L-WS2, in agreement with the IBPM, but in
contrast with experiments. This suggests that we need to go
beyond the electric dipole approximation for the e-pht
coupling term Me-phtði=sÞ.
We now consider the detailed incident or scattered

photon propagation in the air/LSM/substrate dielectric
multilayers for Raman scattering of LBMs. The refractive
index mismatch [Δñ ¼ ðñμ − ñνÞ=ðñμ þ ñνÞ, with ñμ and
ñν the complex refractive indexes of the adjacent media]
between LSM, air, and substrate can lead to partial
reflection of light at the air/LSM and LSM/substrate
interfaces, resulting in an optical cavity effect. This
leads to a considerable spatial modulation in the modulus
square of the electric field for the incident laser inside
LSMs with thickness up to 150L, as shown in Fig. 2(a),
due to the superposition of forward (down) and
backward (up) propagating optical waves (whose electric
field components are denoted as ED

i and EU
i , respectively),

as shown in Fig. 2(b). The scattered optical wave generated
by the recombination of scattered e-h pairs by LBMs
also has two components propagating toward (up) and
away from (down) the air/LSM interface, i.e., EU

s and ED
s .

The combination of incident and scattered electric
field components can lead to two internal scattering

geometries within LSM flakes, i.e., forward (FS) and
backward scattering (BS). Accordingly, the e-pht coupling
[me-phtðiÞðzÞme-phtðsÞðzÞ] at position z is derived by the
product of incident and scattered electric field components
(Sec. IV in Supplemental Material [30]):

me-phtðiÞðzÞme-phtðsÞðzÞ ∝ ðEU
i þ ED

i ÞðEU
s þ ED

s Þ

¼ t01t10
2r12e2ikiNt þ ½e2ikiz þ r212e

2ikið2Nt−zÞ�
ð1 − r12r10e2ikiNtÞ2

¼ mFS
e-phtð2kiÞ þmBS

e-phtð2kizÞ ð3Þ

with tμν and rμν the amplitude transmission and reflection
coefficients from medium μ to ν, respectively, and
mFS

e-phtð2kiÞ andmBS
e-phtð2kizÞ representing the e-pht coupling

of the FS and BS components.
The spatial distribution of pht-phn coupling along

the c axis, including e-pht and e-phn interactions mediated
by the electronic states, can be written as ½mFS

e-phtð2kiÞ þ
mBS

e-phtð2kizÞ�me-phnðqjzÞ (Sec. V in Supplemental Material
[30]). Because of the localization of electronic states within
the layer, a coherent summation of spatially modulated pht-
phn coupling for the whole LSM leads to a variation of
Raman intensity (I) as a function of qj [or PosðLBMN;N−jÞ]:

(a)

(c) (d)

(b)

FIG. 2. (a) jEiðzÞj2 in NL-WS2=SiO2=Si. (b) Propagation path
of incident (blue) and scattered (red) photons inMX2 flakes. Two
pathways of incident and scattered photons, toward (up, U) and
away from (down, D) the top surface ofMX2, result in internal FS
and BS geometries. (c) Spatial variation of amplitude and phase
of FS, BS, and FS-BS interfering pht-phn coupling matrixes for
LBM38;36 of 38L-WS2. (d) LBM spectra of (d1) 38L-WS2 and
(d2) 8L-WS2 on SiO2=Si for FS and BS components and FS-BS
interference calculated by SIM, along with IBPM-simulated and
experimental (exp.) spectra.
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IðqjÞ∼
����
XN−1

n¼0

½mFS
e-phtð2kiÞ þmBS

e-phtð2kinÞ�me-phnðqjnÞ
����
2

¼
����
XN−1

n¼0

fSFSð2ki; qjnÞ þ SBS½ð2ki � qjÞn�g
����
2

; ð4Þ

where the SFSð2ki; qjnÞ (SBS½ð2ki � qjÞn�) is the pht-phn
coupling of the FS (BS) component in thenthLSM layer.We
denote the above model described by Eq. (4) as SIM, this
shows how the spatially coherent pht-phn coupling in the
phonon and optical cavities of LSMs determines the Raman
intensity of the corresponding LBMs.
We first analyze the LBM intensity distribution of thick

LSMs (e.g., 38L-WS2) based on SIM using the corre-
sponding complex refractive indices: 5.2þ 1.1i [32] for
WS2, 1.4629 [33] for SiO2, and 4.3606þ 0.0868i [33] for
Si. The calculated spatial variations in amplitude and phase
of SFS=BS along the c axis for LBM38;36 (j ¼ 2) of 38L-WS2
on SiO2=Si are depicted in Fig. 2(c). The amplitude and
phase of SFS synchronously oscillate in real space related to
qj (Sec. V in Supplemental Material [30]). For even j (e.g.,
LBM38;36, j ¼ 2), the phase varies alternately between
positive and negative values, with a shift of π (Figs. 2(c)
and Fig. S5 in Supplemental Material [30]). A coherent
summation of SFSð2ki; qjnÞ for the whole LSM could result
in zero intensity for even LBMs, due to spatially destructive
interference (Fig. S5 in Supplemental Material [30]), and
finite Raman intensity for odd LBMs, because of incom-
pletely destructive interference (Fig. S6 in Supplemental
Material [30]). Conversely, the amplitude and phase of SBS
are a function of 2ki � qj, and the phase does not always
vary alternately between positive and negative values
(Fig. 2(c) and Figs. S5 and S6 in Supplemental Material
[30]). Thus, a coherent summation of SBS½ð2ki � qjÞn� for
the whole LSM leads to the LBM intensity varying with the
difference between 2ki and qj, where the even LBM
intensity is not always zero. By considering the general
Lorentzian line shape of LBMs and the weighted intensity,
we calculate the LBM Raman spectra from FS and BS
components and FS-BS interference [Fig. 2(d1)]. When
just considering the FS component, IðqjÞ exhibits a series
of zeros at even j, leading to the observation of only odd
LBMs, aligning with the IBPM predictions. However, if
one considers just the BS component, even LBMs can
display significantly higher intensities than the adjacent
odd ones. The interference of FS and BS components leads
to the excitation of both odd and even LBMs in the Raman
spectrum, and the corresponding calculated LBM spectrum
agrees with the experimental one [Fig. 2(d1)].
For thin LSMs, e.g., WS2 flakes with small N (e.g.,

N < 10), the condition 2ki ≪ Δq, i.e., jqjj ∼ j2ki � qjj,
leads to SBS being close to SFS. This similarity results in
that the spatial amplitude and phase of the FS-BS inter-
ference closely approximate those of SFS. Therefore,

Raman spectra from FS-BS interference and BS component
are similar to that of the FS component, such as the case of
8L-WS2 in Fig. 2(d2). As N increases, the mismatch
between qj and 2ki � qj enlarges, and the conditions for
destructive interference cease to hold, allowing the even
modes to emerge, as discussed above for 38L-WS2.
To clearly reveal the evolution of the LBM emission

with varying LSM thickness, we measure LBM spectra
[Figs. 3(a) and 3(b)] of NL-WS2 flakes on SiO2=Si with N
varying from 2 to 130 under resonant excitation of the C
exciton. The calculated LBM spectra concur with the
experimental results. The intensities of even LBMs relative
to that of adjacent odd LBMs are significantly enhanced in
specific N ranges, as demonstrated in Fig. 3(b). E.g., with
N ¼ 10–30, the observed odd LBMN;N−j branches exhibit
stronger intensities than the adjacent even LBMN;N−j−1
branches, whereas for N ¼ 30–60, the intensities of the
even LBMN;N−j branches surpass those of adjacent odd
LBMN;N−j−1 ones.
Figures 3(a) and 3(b) demonstrate that the frequency

difference between adjacent LBMs of NL-WS2 decreases
as N increases. The average full width at half maximum
(FWHM) of the LBMs also decreases with increasing N,
showing a 1=N dependence [Fig. 3(c), blue line]. This can be
ascribed to theqj confinement of standing-wave LBMs along
the c axis. The q uncertainty [Δq] can be estimated by the
Heisenberg uncertainty principle, i.e., ΔxΔp ∼ ℏ=2, where
Δx ¼ Nt andΔp ¼ ℏΔq. According to the PosðLBMÞ − qj
relation, FWHMðLBMÞ ∝ ðt=2Þ cosðqjt=2Þ × Δq ∝ 1=N.
SIM also implies that the intensity distribution of all the

observed LBMs is sensitive to the optical cavity effect,
which should be significantly dependent on the refractive
index mismatch between LSM and underlying substrates.
As a check, we measure the Raman spectra [Fig. 4(a)]

(a)

(c)

(b)

FIG. 3. (a) SIM-calculated (gray) and experimental (colored)
LBM spectra. The stripe-pattered shade is the blind spectral
range of our Raman setup. (b) SIM-calculated phonon spectra in
NL-WS2 (N ¼ 2–130). Stars are experimental data. (c) 1=N-
dependent average FWHM, where 0.16 cm−1 is subtracted from
FWHM to account for the system broadening.
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of 38L-WS2 on 90 nm-SiO2=Si, bare SiO2, and Si. A
significant refractive index mismatch (Δñ ≈ 0.57þ 0.07i)
between WS2 and SiO2 enhances the optical cavity
effect, boosting the FS component [odd LBMs; Figs. 2(b)
and 2(d1)] contributions to LBM spectra on 90 nm-SiO2=Si
and bare SiO2. However, when 38L-WS2 flakes are depos-
ited on Si, due to the close refractive indexes of WS2 and Si,
the optical cavity effect at the 38L-WS2=Si interface is weak,
and the FS component contribution is small. Thus, odd
LBMs are absent in the corresponding Raman spectrumwith
dominant even LBMs. The measured LBM spectra for
38L-WS2 on different substrates agree with the SIM pre-
dictions. These results demonstrate the possibility to tune
LBM emissions by varying the refractive index mismatch
between LSM and underlying substrate.
Because of the importance of wave vector matching

between the photon and standing wave of phonons in ruling
the LBM Raman intensity, it is expected that the LBM
emission will be sensitive to λi. Figure 4(b) presents the
experimental and calculated Raman spectra of LBMs in
44L-WS2 excited at 488 nm and 458 nm, under resonant
excitation of the C exciton [43]. The different ki lead to
varying mismatches between qj and 2ki � qj, resulting
in distinctly different interference effects at these λi.
Compared to λi ¼ 488 nm, the intensities of odd LBMs
are weaker than those of adjacent even LBMs under λi ¼
458 nm in 44L-WS2. Similar λi-dependent LBM spectra
can be observed in other LSMs, such as MoS2, MoSe2, and
MoTe2, as illustrated in Figs. 4(c) and Fig. S7 (Sec. VI in
Supplemental Material [30]). This supports the general
applicability of the SIM, which accounts for the spatially
coherent pht-phn coupling for LBMs in LSM cavities.
In conclusion, we reported the observation of forbidden

LBM emission in LSMs, driven by spatially coherent
coupling of the photon field propagating along the c axis
and the phonon field to 1d periodic electronic states, which
can bewell understood by a Raman scattering theory via the
proposed SIM. The Raman intensity distribution of all the
observed LBMs can be tuned by varying the wave vector
matching between photons and standing wave of phonons

with LSM thickness, excitation wavelength, and refractive
index mismatch between LSM and underlying substrate.
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I. METHODS

Sample preparation: Multilayer transitional metal dichalcogenide flakes, denoted as MX2 (M=Mo,W and X=S,
Se, Te) are mechanically exfoliated from the bulk counterparts (2D semiconductors USA) onto 90 nm-SiO2/Si, SiO2

and Si. The layer number, N is measured by analysing peak positions of layer breathing modes (LBMs), as measured
by Raman spectroscopy.

Raman measurement: Raman spectra are measured in back-scattering at room temperature with a Jobin-Yvon
HR-Evolution micro-Raman system, equipped with a liquid nitrogen-cooled CCD, a ×100 objective lens (numerical
aperture=0.90). The excitation lines at 458 nm and 488 nm are from Ar+ laser. For our Jobin-Yvon HR-Evolution
micro-Raman system with an 800 mm focal length, a 2048×512 CCD with 13.5 µm pixel width, and a 3600 lines/mm
grating, each CCD pixel covers 0.08 cm−1 for the 488 nm laser and 0.11 cm−1 for 458 nm. The system broadening
at 488 nm is 0.16 cm−1, as estimated from the full width at half maximum of the Rayleigh peak. The Plasma lines
are removed by using BragGrate Bandpass filters. Measurements down to ∼3 cm−1 (488 nm) and 5 cm−1 (458 nm)
are enabled by three BragGrate notch filters (OptiGrate Corp) with an optical density of 4 and full width at half
maximum of ∼6 cm−1 and 10 cm−1, respectively (Fig.S1). The typical laser power is ∼ 0.3 mW to avoid sample
heating. The LBM spectra are measured under (σ+, σ+) polarization configurations[1].

II. INTERLAYER BOND POLARIZABILITY MODEL FOR LBMS IN NL-WS2

In the interlayer bond polarizability model (IBPM), each layer is considered individually as the Raman intensity of
LBMs, I(LBM), is related to the interlayer bond polarizability and bond vector[2, 3]. The total change of polarizability
by the interlayer vibrations of aNL-MX2 flake is given by the sum of the changes of each layer[2, 3], i.e.∆α =

∑
i α

′
i·ui,

where α′
i is the polarizablity derivative of the entire layer i with respect to the displacement along the c axis, ui is

the out-of-plane atomic plane displacement of layer i calculated from the linear chain model for a specific LBM.

I(LBMN,N−j) is proportional to
[1+n(qj)]

Pos(LBMN,N−j)
|∆α|2, where n(qj) is the Bose−Einstein population factor. The

IBPM[2, 3] predicts that odd LBM branches can be observed in the Raman spectra, in good agreement with the
analysis based on group-theory[4, 5], as demonstrated by gray lines in Fig.1d and in Fig.S2. The calculated results
(gray lines in Fig. 1d and Fig.S2) do not match the experimental ones when N > 10 (blue lines in Fig. 1d and color
lines in Fig.S2). Thus, the IBPM alone is not enough to understand the LBM spectra of NL-WS2 (N > 10) under
resonant excitation.
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FIG. S1. Transmission spectra of (a) individual and (b) three aligned VBG-based BNFs designed for 488 nm. Transmission
spectra of (c) individual and (b) three aligned VBG-based designed for 458 nm.

III. LOCALIZED ELECTRONIC STATES AND ELECTRON-PHONON COUPLING FOR LBMS IN
NL-WS2

As the interaction between photons and standing-wave phonons within LSMs is mediated by the electronic states
resonance with C excitons[6, 7], we calculate the corresponding electronic states by density functional theory (DFT),
as implemented in the Vienna Ab Initio Simulation Package (VASP)[8]. The pseudopotentials are generated using the
projector augmented wave (PAW) method[9] with Perdew-Burke-Ernzerhof realization[10] for the exchange-correlation
functional. The energy cutoff is set at 350 eV for the plane-wave basis, and a Γ-centered Monkhorst-Pack k-point
mesh with a size 21×21×1 is employed for the integration. A vacuum layer with a thickness>20 Å is used, to avoid
interactions between periodic images. The convergence criterion is chosen as 10−5 eV for self-consistent electronic
minimization, and 0.01 eV/Å for the forces during ionic relaxation. The Van der Waals interaction is taken into
account by using DFT-D3[11]. Fig. S3a plots the electronic band structure of 3L-WS2.

Using lasers at 458 nm and 488 nm near the C exciton[6, 7], the optical transitions occur between the density
of states peaks in valence and conduction bands near the Γ point[6, 12], denoted as Λ here. As there are 3 and 2
nearly degenerate bands at valence and conduction bands, we summarize the electron density (i.e. square of electronic
wave functions) of these and define it as the effective electron density. The corresponding effective electron density
in Fig. S3b shows that this is mainly localized at the Mo atom of each layer, around equal for each layer. A similar
effective electron density distribution is seen for 20L-WS2 in Fig. S3c. Thus, the electronic states related to the C
excitons can be considered as one-dimensional periodic states along the c axis. Me−phn in WS2 should be described by
the deformation-potential interaction related to delocalized LBMs and an ensemble of confined electronic states[13, 14],
i.e., a spatial modulation of the crystal periodic potential by the layer displacements of the LBMs:

Me−phn(qjz) ∝
[ 12 ± 1

2 + n(qj)]

Pos(LBMN,N−j)

∫
|Ψ(z)|2mph(qjz)dz (S1)

with Ψ(z) the one-dimensional periodic electronic wave function, mph(qjz) =
∆uLBM(qjz)

∆z the lattice dilation along the
c direction, and n(qj) the Bose-Einstein population factor. ± stand for Stokes and anti-Stokes scattering. Within the
electric dipole approximation, Me−pht(i/s) is considered as constant with polarization direction of incident (scattered)

light. In this case, the LBM intensity is proportional to |Me−phn|2. The corresponding calculated LBM spectrum
(Fig. S3) does not have even LBMs for 20L-WS2, in agreement with IBPM, but not with experiments.

IV. OPTICAL CAVITY EFFECT IN LSMS

We model our system as an air/NL-MX2/substrate with complex refractive indexes ñ0/ñ1/ñ2. The mismatches of
complex refractive indices of NL-MX2/air and NL-MX2/substrate interfaces lead to partial reflection and transmis-
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sion of incident(i) and scattered(s) photons at both top and bottom LSM interfaces, as for Fig. 2b. A superposition
of two optical wave components propagating forward (down) and backward (up) (whose electric field components are
denoted as ED

i(s) and EU
i(s)) results in a considerable spatial modulation in the modulus square of the electric field for

the incident laser and scattered light in the LSM, thus a spatial modulation for Me−pht(i) and Me−pht(s), as they are
proportional to the vector potential of incident and scattered radiation[14]. The combination of incident and scattered
electric field components can lead to two internal scattering geometries within the LSM flake, i.e., forward (FS) and
backward scattering (BS). The e-pht coupling at position z [me−pht(i)(z)me−pht(s)(z)] is derived by considering the
product of incident and scattered light, which can be obtained using the transfer matrix method[15, 16]:

me−pht(i)(z)me−pht(s)(z) ∝ (ED
i + EU

i )× (ED
s + EU

s )

=

[
t01e

ikiz

1− r12r10e2ikiNt
+

r12t01e
iki(2Nt−z)

1− r12r10e2ikiNt

]
×

[
t10e

ikiz

1− r12r10e2ikiNt
+

r12t10e
iki(2Nt−z)

1− r12r10e2ikiNt

]
=

2t01t10r12e
2ikiNt

(1− r12r10e2ikiNt)2
+

t01t10[e
2ikiz + r212e

2iki(2Nt−z)]

(1− r12r10e2ikiNt)2

= mFS
e−pht(2ki) +mBS

e−pht(2kiz)

(S2)

where ki = 2πn1

λi
is the wave vector of incident light of wavelength λi within the NL-MX2, tµν =

2ñµ

ñµ+ñν
and

rµν =
ñµ−ñν

ñµ+ñν
are the amplitude transmission and reflection coefficient from medium µ to ν, respectively, t is the

thickness of 1L-MX2. If the substrate consists of two layers, such as SiO2/Si with refractive index ñ2/ñ3, r12 should

be the effective amplitude reflection coefficient R12, i.e., R12=
r12+r23e

2ikid

1+r12r23e2ikid
, with d is the SiO2 thickness.

V. SPATIAL INTERFERENCE MODEL OF PHOTON-PHONON COUPLING

Me−phn in LSMs is given by the deformation-potential interaction related to delocalized LBMs and an ensemble
of confined electronic states, i.e., the one-dimensional periodic electronic state, as for Eq.S1. The LBM resonances
are defined by the phonon cavity, where the wavevectors qj of adjacent LBM resonances show a relative δq shift.
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Considering the spatially coherent coupling of photons and phonons to the one-dimensional periodic electronic states
in LSM, I(qj) can be obtained by a coherent summation of [mFS

e−pht(2ki) +mBS
e−pht(2kiz)]me−phn(qjz) at each z[16]:

I(qj) ∝
[ 12 ± 1

2 + n(qj)]sin
2(

qjt
2 )

Pos(LBMN,N−j)

∣∣∣∣ ∫ Nt

0

|Ψ(z)|2(eiqjz − e−iqjz)

×
{

2t01t10r12e
2ikiNt

(1− r12r10e2ikiNt)2
+

t01t10[e
2ikiz + r212e

2iki(2Nt−z)]

(1− r12r10e2ikiNt)2

}
dz

∣∣∣∣2,
(S3)

The integral is from the 1st layer to the N th layer, which can be considered as a summarization of the N layers due
to the localization of the electronic state within the layer, and then the Eq.S3 can be rewritten as:

I(qj) ∝
[ 12 ± 1

2 + n(qj)]sin
2(

qjt
2 )

Pos(LBMN,N−j)

∣∣∣∣N−1∑
n=0

∫ (n+1)t

nt

|Ψ(z)|2(eiqjz − e−iqjz)

×
{

2t01t10r12e
2ikiNt

(1− r12r10e2ikiNt)2
+

t01t10[e
2ikiz + r212e

2iki(2Nt−z)]

(1− r12r10e2ikiNt)2

}
dz

∣∣∣∣2
(S4)
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FIG. S5. Spatial amplitude and phase of FS, BS and FS-BS interfering pht-phn coupling matrices for (a) LBM38,36, (b)
LBM38,34 and (c) LBM38,32
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FIG. S6. Spatial amplitude and phase of FS, BS and FS-BS interfering pht-phn coupling matrices for (a) LBM38,37, (b)
LBM38,35 and (c) LBM38,33.

where n is the layer index. As we introduced in the Supplementary Section III, the electronic states related to the C
exciton can be considered as one-dimensional periodic states along the c axis, Ψ(z + nt) = Ψ(z). Also, considering
the discrete atomic plane displacements of each layer for LBMs, the Eq.S4 can be written as:

I(qj) ∝
[ 12 ± 1

2 + n(qj)]sin
2(

qjt
2 )

Pos(LBMN,N−j)

∣∣∣∣ ∫ t

0

|Ψ(z)|2dz
∣∣∣∣2∣∣∣∣N−1∑

n=0

(eiqjnt − e−iqjnt)

×
{

2t01t10r12e
2ikiNt

(1− r12r10e2ikiNt)2
+

t01t10[e
2ikint + r212e

2iki(2Nt−nt)]

(1− r12r10e2ikiNt)2

} ∣∣∣∣2
∝

[ 12 ± 1
2 + n(qj)]sin

2(
qjt
2 )

Pos(LBMN,N−j)

∣∣∣∣N−1∑
n=0

{
2t01t10r12e

2ikiNt

(1− r12r10e2ikiNt)2
+

t01t10[e
2ikint + r212e

2iki(2Nt−nt)]

(1− r12r10e2ikiNt)2

}
× (eiqjnt − e−iqjnt)

∣∣∣∣2

=
[ 12 ± 1

2 + n(qj)]sin
2(

qjt
2 )

Pos(LBMN,N−j)

∣∣∣∣N−1∑
n=0

2t01t10r12e
2ikiNt

(1− r12r10e2ikiNt)2
× (eiqjnt − e−iqjnt)

+
t01t10[e

i(2ki+qj)nt − ei(2ki−qj)nt]

(1− r12r10e2ikiNt)2
+

t01t10r
2
12e

4ikiNt[ei(−2ki+qj)nt − ei(−2ki−qj)nt]

(1− r12r10e2ikiNt)2

∣∣∣∣2
=

[ 12 ± 1
2 + n(qj)]sin

2(
qjt
2 )

Pos(LBMN,N−j)

∣∣∣∣N−1∑
m=0

{SFS(2ki, qjn) + SBS[(2ki ± qj)n]}
∣∣∣∣2.
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FIG. S7. Experimental (colored lines) and SIM-calculated (black lines) Raman spectra for (a) 80L-MoSe2 and (b) 42L-MoTe2
on SiO2/Si at λi=458 nm and 488 nm.

(S5)

Due to the small (< 5%) contribution of
[ 12±

1
2+n(qj)]sin

2(
qjt

2 )

Pos(LBMN,N−j)
to I(qj) at 0∼20 cm−1 (-20∼0cm−1) for Stokes (anti-

Stokes) at room temperature, we neglect this term for simplicity. The calculated spatial variation in amplitudes and
phases of SFS/BS along c axis for LBM38,38−j (j=2,4,6) and LBM38,38−j (j=1,3,5) of 38L-WS2 on SiO2/Si are depicted
in Fig. S5 and Fig. S6, respectively. To understand the physical picture behind the different intensity distribution
of all the observed LBMs in LSMs, we separately discuss the contributions from internal FS and BS components.
The coherent summation in SFS(2ki, qjn) is irrelevant to ki, because SFS(2ki, qjn) does not contain ki × nt, it can be
extracted outside the coherent summarization, so that Raman intensity from internal FS component can be simplified
to:

IFS =

∣∣∣∣N−1∑
m=0

SFS(2ki, qjn)]

∣∣∣∣2

=

∣∣∣∣ 2t01t10r12e
2ikiNt

(1− r12r10e2ikiNt)2

∣∣∣∣2∣∣∣∣N−1∑
n=0

(eiqjnt − e−iqjnt)

∣∣∣∣2
=

∣∣∣∣ 2t01t10r12e
2ikiNt

(1− r12r10e2ikiNt)2

∣∣∣∣2 × 2H2(qj){1− cos[qj(N − 1)t]},

(S6)

where H(qj) = sin(Nqj)/sin(qj) is the interference function[17] of two counterpropagating plane-wave components of
each LBM, analogous to multiple-slit diffraction[17, 18]. H(qj) presents side maxima at odd j, while it reaches zero
at even j. Thus, odd LBM branches exhibit finite intensity, while even ones show zero intensity from FS components.
By contrast, the coherent summation in SBS[(2ki±qj)n] of each layer is closely associated with the difference between
ki and qj . The corresponding IBS is:
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IBS =

∣∣∣∣N−1∑
n=0

SBS[(2ki ± qj)n]

∣∣∣∣2

=

∣∣∣∣N−1∑
n=0

t01t10[e
2ikint + r212e

2iki(2Nt−nt)]

(1− r12r10e2ikiNt)2
× (eiqjnt − e−iqjnt)

∣∣∣∣2

=

∣∣∣∣N−1∑
n=0

t01t10[e
i(2ki+qj)nt − ei(2ki−qj)nt]

(1− r12r10e2ikiNt)2
+

t01t10r
2
12e

4ikiNt[ei(−2ki+qj)nt − ei(−2ki−qj)nt]

(1− r12r10e2ikiNt)2

∣∣∣∣2.
(S7)

Thus, IBS is closely associated with H(2ki ± qj) and the interference between H(2ki + qj) and H(2ki − qj), which
is not only related to qj but also to ki. In this case, whether odd or even LBM branches are enhanced relies on the
difference between 2ki and qj . As FS and BS components are coherently superposed within the NL-MX2 cavity, the
out-going Raman intensity of LBM from the LSM surface depends on the interference between FS and BS components.
This leads to excitation of both odd and even LBM branches.

VI. TUNABLE LBM SPECTRA

Tunable LBM emission determined by spatially coherent pht-phn coupling is ubiquitous in LSMs, such as 80L-
MoSe2 and 42L-MoTe2, as for Fig.S7. LBMs are observed for λi=458 nm and 488 nm, while the relative Raman
intensity between even and odd LBMs is sensitive to λi. The calculated Raman spectra show good agreement with
experimental results, validating our proposed model, which accounts for the spatially coherent pht-phn coupling for
LBMs mediated by ensembles of localized electronic states in LSM cavities.
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