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ABSTRACT 

Interlayer coupling in two-dimensional (2D) materials is governed by weak van der Waals forces, resulting in low-frequency (LF) 
vibrations in Raman scattering. These LF-phonons provide direct insights into interlayer interactions, stacking configurations, and 
defects; however, many of these modes are inaccessible in conventional Raman spectroscopy due to symmetry-based selection 
rules, leading to a loss of critical structural information. Here, we demonstrate that plasmonic near-field gradients can relax 
Raman selection rules and enable the activation of forbidden LF phonons. Using silver-nanoparticle-decorated 3-layer MoS2 as a 
model system, we experimentally activated and detected forbidden LF-phonons, namely the E’’ and A2 ’’ modes. Combining Raman 
imaging with density functional theory and electromagnetic simulations, we demonstrate that activation is mainly governed by 
the local near-field gradient, and it occurs only when the near-field gradient aligns with the phonon vibration direction. This work 
reveals a near-field-gradient mechanism for accessing Raman-forbidden interlayer phonons and offers a framework for probing 
hidden vibrations, symmetry breaking, and interlayer interactions in 2D materials. 
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 Introduction 

aman spectroscopy is one of the most powerful techniques for
robing the structural and vibrational properties of materials
 1 ]. However, many vibrational modes cannot be observed in
onventional Raman spectra due to restrictions imposed by
he Raman selection rules [ 2 ]. These Raman-forbidden modes
onceal important structural information within the material
ystem. This issue is particularly significant for two-dimensional
2D) materials, where low-frequency Raman modes arising from
nterlayer vibrations directly reflect key van der Waals interlayer
roperties, such as interlayer coupling, stacking configuration,
nd symmetry [ 3–22 ]. With the exception of the shear and
reathing modes, all other low-frequency interlayer vibrations are
ntirely prohibited from appearing in conventional Raman spec-
his is an open access article under the terms of the Creative Commons Attribution-NonC
edium, provided the original work is properly cited and is not used for commercial purp
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tra by the selection rules [ 23, 24 ]. At the same time, low-frequency
Raman modes are very weak and lie close to intense Rayleigh
scattering, making their high-sensitivity detection challenging. 

To date, there have been no reports of high-sensitivity detection
and imaging of low-frequency Raman-forbidden modes. Activat-
ing such modes in an optical experiment requires overcoming
the momentum-conservation constraint imposed by the selection
rules, which require that Raman scattering satisfy both energy
and momentum conservation. However, the momentum carried
by an incident photon is insufficient to excite certain phonons,
and hence they remain unexcited. Therefore, a local symmetry-
breaking must be introduced to alter the electromagnetic fields
locally and activate the forbidden modes. Breaking the local
symmetry relaxes the conservation laws by allowing additional
ommercial License, which permits use, distribution and reproduction in any 
oses. 
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avevector components to participate in the light–matter inter-
ction, which effectively provides the extra momentum required
o couple to phonons that are otherwise forbidden. Therefore,
aman-forbidden modes can be activated through symmetry-
reaking mechanisms, such as local physical deformation or
ighly nonuniform electromagnetic fields with strong spatial
radients. 

lasmonic resonance that creates a highly localized, strong-
radient electromagnetic field offers a promising solution to
his challenge [ 18, 25–52 ]. Under certain conditions, metallic
anoparticles generate strong near-field gradients with rapid spa-
ial variation and effective momentum components far exceeding
hose of free-space photons. These steep near-field gradients
an break local symmetry and provide the additional optical
omentum required to activate phonons that are forbidden by
he selection rules [ 2, 24, 53–62 ]. Meanwhile, the plasmonic
ear field also enhances the weak low-frequency Raman signals,
llowing them to be distinguished from background signals. 

uided by this principle, we built a low-frequency plasmon-
nhanced Raman spectroscopy (LF-PERS) system capable of
tably acquiring enhanced Raman signals down to about 10 cm− 1

nd activating Raman-forbidden modes through near-field gradi-
nts. Using 3-layered MoS2 as a model system, we experimentally
ctivated and visualized two kinds of low-frequency forbidden
nterlayer phonons, namely the E’’ and A2 ’’ modes, at the same
ime. Since monolayered MoS2 does not have interlayer interac-
ions and 2-layered MoS2 has only two low-frequency vibrations,
hich are the breathing and the shear vibration modes, we
elected a 3-layered sample, which has additional vibrations that
re Raman-forbidden. Combined with density functional theory
DFT) calculations and Raman imaging, we confirmed that these
orbidden modes are intrinsic vibrational modes of the material
nd can only be excited within the plasmonic near-field region
f the nanoparticles, where a strong field gradient is present.
ur DFT results indicate that local physical deformation at the
oS2 -Ag interface can contribute to the activation of Raman-
orbidden modes by weakly breaking the lattice symmetry. Recent
tudies have shown that local strain can also give rise to new low-
requency vibrational modes in 2D materials [ 52 ]. In contrast, the
odes investigated in this work are intrinsic Raman-forbidden
honons that become accessible through near-field gradients
nduced relaxation of selection rules. By systematically analyzing
anoparticle size, near-field gradient variations, and normalized
orbidden mode intensities, we uncovered the physical mech-
nism underlying forbidden mode activation and discovered
hat strong localized near-field gradients play a central role in
roviding the additional optical momentum and determining the
ctivation efficiency, while small interfacial physical deformation
erves only as a minor symmetry-relaxation factor. Furthermore,
he activation efficiency exhibits clear directionality, and activa-
ion occurs effectively only when the near-field gradient direction
atches the phonon vibration direction. 

his study not only enables the experimental detection of hid-
en interlayer phonons in 2D materials but also establishes a
ew plasmonic near-field–based paradigm for probing forbidden
ibrations, interlayer coupling, and symmetry breaking, opening
ew possibilities for characterizing 2D materials and van der
aals heterostructures. 
of 11

a

2 Results and Discussion 

We first prepared large-area, few-layered MoS2 flakes using the
gold-mediated exfoliation method and transferred them onto SiO2 
glass substrates that had been thoroughly cleaned using a piranha
solution [ 3, 42, 63, 64 ]. A solution containing silver nanoparticles
of average size 80 nm (Sigma-Aldrich 730777) was then spin-
coated onto the MoS2 surface to ensure that the particles were
well-distributed, avoiding any large aggregation. It is important to
note that individual nanoparticles differ slightly in size and shape.

To detect low-frequency Raman signals down to 10 cm− 1 , we built
an LF-Raman system, as shown in Figure 1a . Edge filters and
notch filters used to block Rayleigh scattering in a conventional
Raman setup transmit only Raman shifts above approximately
100 cm− 1 , and therefore, a conventional Raman is unable to
measure low-frequency Raman scattering. To overcome this
limitation, we used a set of ultra-narrow Bragg volume notch
filters (BNFs) with a spectral bandwidth of approximately 8 cm− 1 

[ 65 ]. The basic function of a BNF is to reflect a particular
wavelength, with a narrow linewidth, at a certain angle. One
BNF was placed in the excitation path at such an angle so that
it allowed 532 nm wavelength to follow the excitation path to
narrow the linewidth of the 532 nm laser to approximately 8 cm− 1 ,
while three additional BNFs were cascaded in the detection
path with different angles so that they rejected selectively the
Rayleigh light (532 nm) by reflecting it away from the detection
path, effectively blocking Rayleigh scattering almost completely
while allowing a complete transmission of Raman scattered
light. Since our experiment relies on PERS, we introduced a z-
polarizer (a combination of radial polarizers) into the optical path
to selectively illuminate silver nanoparticles in the z-direction
and effectively enhance the near-field intensity at the silver
nanoparticle-MoS2 interface, as shown in the inset of Figure 1a .
Under dominant z-polarization, the focused beam produces a
strong out-of-plane near-field component, significantly enhanc-
ing Raman sensitivity at the nanoparticle-sample interface [ 66,
67 ]. Details of the optical configuration are provided in Section S1 .
With this optical configuration, we can obtain stable and reliable
LF-PERS signals down to 10 cm− 1 . 

Using the LF-PERS system, we first evaluated its capability for
LF-PERS detection. Figure 1b,c shows the low-frequency (below
50 cm− 1 ) and high-frequency (above 260 cm− 1 ) Raman spectra
of 2-layered and 3-layered MoS2 samples, respectively. In each
figure, the black spectra marked by 1 represent the unenhanced
signal, measured away from silver nanoparticles, and the red
spectra marked by 2 and 3 represent the enhanced signals
obtained right below a silver nanoparticle under PERS configura-
tions. Two red spectra were measured from two different locations
under two different silver nanoparticles. For 2-layered MoS2 
(Figure 1b ), the low-frequency region contains the interlayer
shear mode at 23 cm− 1 and the breathing mode at 40 cm− 1 , while
the high-frequency region includes the E2g mode at 380 cm− 1 and
the A1g mode at 399 cm− 1 . When enhanced at locations directly
below a nanoparticle, all Raman peaks increase significantly
in intensity. The out-of-plane breathing and A1g modes display
stronger enhancement than the in-plane shear and E2g modes,
which is attributed to the strong vertically polarized near-field
light generated under z-polarized excitation. In addition, a new
Raman peak appears at approximately 280 cm− 1 in the enhanced
Laser & Photonics Reviews, 2026
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FIGURE 1 (a) LF-PERS system. Raman spectra of (b) a 2-layered and (c) a 3-layered MoS2 sample. Black and red curves are unenhanced spectra 
measured away from a silver nanoparticle and enhanced spectra measured directly below a silver nanoparticle, respectively. Raman peaks marked by S 
and B correspond to the low-frequency shear-mode and the breathing-mode, respectively, and E2g and A1g correspond to the high-frequency in-plane and 
out-of-plane vibrational modes, respectively. E’’, A2 ’’ represent low-frequency Raman-forbidden modes, and E1g is the high-frequency Raman-forbidden 
mode. 
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igh-frequency spectrum 3. This peak, which is not observed
n spectrum 2, corresponds to the E1g vibrational mode, which
s forbidden according to Raman selection rules, showing that
he high-frequency forbidden mode is activated under one of
he two silver nanoparticles. In the low-frequency region of 2-
ayered MoS2 , only one shear mode and one breathing mode exist;
herefore, no low-frequency forbidden modes appear, serving
s a reference. When the number of layers increases from 2
o 3 (Figure 1c ), the interlayer vibrational modes exhibit clear
hanges, where the breathing mode redshifts and the shear
ode blueshifts, and the two modes overlap near 27 cm− 1 . The
igh-frequency E2g and A1g peaks also shift slightly to 379 cm− 1

nd 400 cm− 1 , respectively, consistent with the layer-dependent
aman shifts observed in few-layered MoS2 samples (see Section
2 for detailed spectra). More importantly, the enhanced 3-layered
pectra measured at locations directly under silver nanoparticles
xhibit not only the same high-frequency forbidden E1g peak in
pectrum 3 but also two interlayer modes that do not exist in
-layered MoS2 in the low-frequency region, a peak at 15 cm− 1

nd another at 42 cm− 1 . By comparing with the unenhanced
pectrum, we confirm that both peaks arise from low-frequency
nterlayer shear E’’ and interlayer breathing A2 ’’ modes that are
orbidden in conventional Raman scattering of 3-layered MoS2 .
hese forbidden Raman modes are not observed in spectrum 2.
ere, we emphasize that not all silver nanoparticles are able to
ctivate the forbidden modes, as evidenced by spectra 2 and 3
or both 2- and 3-layered samples. This work demonstrates the
ctivation of low-frequency forbidden interlayer Raman modes
aser & Photonics Reviews, 2026
in MoS2 using PERS, where certain silver nanoparticles are able
to activate them. In the following discussion, we selectively used
only those particles that show forbidden modes. 

To further verify that the additional Raman peaks observed in
our experiments indeed correspond to Raman-forbidden vibra-
tional modes, and to establish the correspondence between the
experimental Raman features and intrinsic phonon modes, we
performed DFT calculations using CRYSTAL23 with the local
density approximation (LDA, SVWN exchange–correlation func-
tional) and the two-dimensional periodic boundary condition
[ 68 ]. The HAYWSC-311(d31)G, DURAND-31G*, and HAYWSC-
311d31G basis sets were used for Mo, S, and Ag atoms, respectively
[ 69–71 ]. We first analyzed the intrinsic vibrational modes of 3-
layered MoS2 . As shown in Figure 2a , seven intrinsic vibrational
modes of 3-layered MoS2 were identified, and their corresponding
vibration directions were specifically determined. Among them,
E’’ and S are the interlayer shear vibrations, B and A2 ’’ are
the interlayer breathing vibrations, E1g and E2g are the in-
plane intralayer vibrations, and A1g is the out-of-plane intralayer
vibration. 

We then calculated the intrinsic Raman spectrum of 3-layered
MoS2 to identify which intrinsic vibrational modes are Raman-
active (black spectra in Figure 2b ). The calculated phonon
frequencies show that the S modes appear at 32 cm− 1 , the B
modes at 38 cm− 1 , the E2g mode at 390 cm− 1 , and the A1g mode at
412 cm− 1 , respectively. As expected, the forbidden modes do not
3 of 11
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FIGURE 2 (a) Intrinsic vibrational modes of a 3-layered MoS2 sample, where the three layers are indicated by the numbers 1, 2, and 3. (b) Raman 
spectra of 3-layered MoS2 from DFT calculation. The black and red curves represent unenhanced and chemically enhanced spectra, respectively. In 
enhanced Raman spectra, peaks corresponding to Ag vibrations were present but were omitted for clarity. (c) A Raman intensity image at 27 cm− 1 

shared by both low-frequency shear and breathing modes for a 3-layered MoS2 . (d) An AFM image at the same position as (c). (e) Spectra collected at 
different positions marked in (c). 

a  

t  

n  

m  

t  

t  

f  

w  

i  

p  

R

A  

w  

a  

a  

i  

n  

×  

F  

s  

t  

n  

e  

c  

l  

e  

H  

t  

t  

3  

t  

r  

t  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4

 18638899, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.71618 by Prabhat V

erm
a - IN

D
IA

N
 IN

ST
IT

U
T

E
 O

F T
E

C
H

N
O

L
O

G
Y

 (N
O

N
 -E

A
L

) , W
iley O

nline L
ibrary on [23/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
ppear in these spectra because their symmetries do not satisfy
he Raman selection rules. The experimental Raman-active peak
ear 27 cm− 1 is attributed to the combined S and B interlayer
odes that coincide for 3-layered MoS2 , the peak near 379 cm− 1 to
he E2g in-plane intralayer mode, and the peak near 400 cm− 1 to
he A1g out-of-plane intralayer mode. The calculated vibrational
requencies exhibit a blueshift relative to the experimental values,
hich arises from the overbinding tendency of LDA, which
ncreases the force constants in the DFT calculation [ 72–74 ]. This
rovides a reference for assigning the experimentally observed
aman peaks. 

fter identifying Raman-active modes, we next determined
hich other intrinsic vibrational modes are Raman-forbidden
nd can only be activated when the symmetry is broken. Since
n easy way to introduce symmetry breaking in DFT calculations
s through physical contact deformation, we placed a silver
anocluster composed of 20 silver atoms on top of a 4 × 4
1 supercell of 3-layered MoS2 (model shown in the inset of
igure 2b ) and recalculated the Raman spectrum of the combined
ystem (red curves in Figure 2b ). It is important to note that
he conventional DFT calculations do not include plasmonic
ear-field effects and therefore cannot account for the strong
lectromagnetic field gradients generated by metallic nanoparti-
les under resonant excitation. In the present simulations, only
ocal physical deformation at the MoS2 -Ag interface and chemical
nhancement arising from charge transfer are explicitly included.
owever, this is sufficient to identify forbidden Raman modes
hrough simulation. The calculated phonon frequencies show
hat the E’’ mode appears at 20 cm− 1 , the B and S modes near
0 cm− 1 , the A2 ’’ mode at 40 cm− 1 , the E1g mode at 285 cm− 1 ,
he E2g mode at 388 cm− 1 , and the A1g mode at 410 cm− 1 ,
espectively. Compared with the intrinsic modes, a redshift of
he phonon frequencies by a few wavenumbers is observed upon
of 11
introducing the Ag nanocluster. These frequency shifts arise
from the interaction between MoS2 and the silver nanocluster,
which slightly modifies the interatomic force constants. Under
this configuration, all three forbidden modes E’’, A2 ’’, and E1g 
appearing in the calculated spectrum reproduce the forbidden
peaks observed in the experiment. Based on the appearance of
these modes in the symmetry-broken DFT spectrum and their
vibrational characters identified above, the experimental peak
near 15 cm− 1 is attributed to the E’’ interlayer shear mode, the
peak near 42 cm− 1 to the A2 ’’ interlayer breathing mode, and the
peak near 280 cm− 1 to the E1g intralayer mode. The emergence
of forbidden modes in the simulation arises primarily from local
physical deformation at the MoS2 -Ag interface that breaks sym-
metry, together with chemical enhancement induced by charge
transfer. Although the symmetry breaking introduced in the DFT
model is weak, it is sufficient to break the Raman selection
rules and allow the forbidden modes to become Raman active.
It should be noted that the mechanism of symmetry breaking
in the DFT model differs from that in the experiment shown in
Figure 1b , c . Here, DFT calculations help to identify the intrinsic
vibrational modes corresponding to the experimentally observed
forbidden peaks, while the detailed activation mechanism in
the experiment, particularly the role of the plasmonic near-field
gradient, is discussed in subsequent sections. 

After confirming the existence of the forbidden modes and
their vibrational properties through DFT calculations, we further
examined whether their activation in the experiment indeed orig-
inates from the silver nanoparticles. To this end, we performed
spatial Raman mapping around an isolated silver nanoparticle
to analyze the spatial mapping and activation behavior of the
forbidden modes. Figure 2c shows a Raman intensity image of
the low-frequency mode at 27 cm− 1 , which is a combination of the
shear and breathing modes, with a scanning step of 200 nm. The
Laser & Photonics Reviews, 2026
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FIGURE 3 (a) An optical image of a 3-layered MoS2 sample. (b) A collection of four different AFM images obtained from locations marked from 

2 through 5 in (a), showing the existence of silver nanoparticles at these locations. Scale bar: 50 nm. (c-1)–(c-3) Raman intensity images constructed 
with Raman-active modes: (c-1) shear and breathing modes, (c-2) E2g mode, and (c-3) A1g mode. (d-1)–(d-3) Raman intensity images constructed with 
Raman-forbidden modes: (d-1) E’’ mode, (d-2) A2 ’’ mode, and (d-3) E1g mode. (e) Spectra collected at different positions marked in (a). The position 
marked as 1 corresponds to a region without a silver nanoparticle, and hence shows unenhanced Raman scattering. 
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right central region corresponds to the position of an isolated
ilver nanoparticle. An atomic force microscopy (AFM) image in
igure 2d , obtained from the same location, confirms that this
right spot is an isolated silver nanoparticle. To further illustrate
ow the Raman signals change spatially, Figure 2e presents spec-
ra collected at different positions marked 1 through 5 in Figure 2c .
he results clearly show that all Raman-forbidden modes E’’,
2 ’’, and E1g appear only in the vicinity of the nanoparticle
here the near-field gradient is strong. At the center of the silver
anoparticle, both the Raman enhancement and the forbidden
ode intensities are the strongest. At one-pixel away from the
anoparticle, only very weak Raman enhancement remains, and
he forbidden modes become nearly invisible. At a two-pixel
istance, both Raman enhancement and all forbidden modes
ompletely disappear. These observations verify that Raman-
orbidden modes are activated exclusively within the nanoparticle
egion. 

fter establishing the activation of forbidden modes by isolated
ilver nanoparticles, we proceeded to establish if near-field
radient or the physical deformation was the dominant cause for
he forbidden-mode activation and performed large-area Raman
maging to investigate whether different silver nanoparticles
xhibit consistent activation behavior. Figure 3a shows an optical
mage of a 3-layered MoS2 region, where the upper mildly darker
rea corresponds to MoS2 flakes and the dark spots marked 2–
 represent silver nanoparticles deposited on the sample. The
egion marked 1 contains no nanoparticles and serves as a
eference. The AFM image in Figure 3b identifies the number
nd sizes of the nanoparticles, where particles 2 and 3 are
ingle isolated silver nanoparticles, and particles 4 and 5 are
imers. Here, it should be noted that dimer assemblies can
ave two nanoparticles arranged in any direction. However,
n our experiments, we selected only those dimers in which
aser & Photonics Reviews, 2026
the two nanoparticles were found in the same plane as the
sample, meaning the dimer assembly had the same height as the
individual nanoparticles. This was important because we used
near-field illumination as well as the field gradient in the z-
direction (along the height of the nanoparticles). The plasmon
resonance in the z-direction was minimally affected by the
number of particles, because the height remained the same for
both the isolated nanoparticle and the dimer. We confirmed this
with COMSOL simulations, which showed only a minor shift of
less than 5 nm in the plasmon resonance, negligible compared
to the plasmon resonance line width. Figure 3c-1–c-3 shows
Raman intensity images constructed with the Raman-active
shear and breathing modes, the E2g mode, and the A1g mode,
respectively. The brighter, upper regions in these figures indicate
the location of the MoS2 sample via different Raman modes,
which correspond to the optical image in Figure 3a . All silver
nanoparticles exhibit clear enhancement of the Raman-active
modes, indicating that they effectively enhance the local near-
field intensity. As expected, region 1 (without silver nanoparticle)
shows no enhancement. Figure 3d-1–d-3 shows Raman intensity
images constructed with the Raman-forbidden E’’ mode, the A2 ’’
mode, and the E1g mode, respectively. While Raman-active modes
enable clear visualization of the sample in the upper brighter
areas in Figure 3c-1–c-3 , Raman-forbidden modes are confined to
the vicinity of silver nanoparticles and therefore do not reproduce
the sample morphology similar to that in Figure 3a . However, we
found that not all nanoparticles activate all forbidden modes. For
example, the A2 ’’ mode is only activated by particle 2, while it
remains absent or extremely weak for the other nanoparticles.
This difference is further shown in Figure 3e , which presents
Raman spectra collected at the reference region 1 and at the
centers of positions 2–4. For Raman-active modes, the enhance-
ment strength increases with the number of nanoparticles. Dimer
5 shows the strongest enhancement, followed by dimer 4, and
5 of 11
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inally the isolated silver particles 3 and 2. Between the two
solated silver nanoparticles, particle 3 shows slightly stronger
nhancement than particle 2. However, the forbidden modes
ehave differently: only particle 2 activates the A2 ’’ mode, and
ts E’’ and E1g intensities are also the strongest among all four
articles. In contrast, isolated silver particle 3, despite exhibiting
tronger overall enhancement than particle 2, shows almost
o activation of A2 ’’ and the weaker E’’ and E1g signals. The
orbidden mode intensities of the dimers fall between those
f the two isolated silver nanoparticles, but neither activates
2 ’’. These results demonstrate that the activation of Raman-
orbidden modes is highly selective. Their intensities do not scale
ith the number of nanoparticles or the enhancement strength.
ncreasing the nanoparticle size or forming dimers increases the
ontact area and thus the local physical deformation. It also leads
o higher near-field intensity, resulting in greater enhancement of
aman-active modes. If physical deformation were the dominant
echanism, larger nanoparticles or dimers would be expected to
enerate stronger signals from Raman-forbidden modes. How-
ver, the experimental results reveal a different trend: despite
tronger enhancement and potentially larger deformation, the
orbidden modes become weaker or remain completely inactive.
his discrepancy indicates that physical deformation is not the
rimary factor in activating Raman-forbidden modes. In contrast,
hile the near-field intensity increases with increasing particle
ize, the near-field gradient decreases, showing that the near-field
radient plays the dominant role. The activation instead depends
n the local near-field gradient provided by each nanoparticle
nd on the alignment between the field-gradient direction and
he phonon vibration. Even nanoparticles that generate strong
ear-field intensity may fail to activate forbidden modes if their
ear-field gradient is insufficient. 

uilding on the link between forbidden mode activation and the
ear-field gradient, we next analyzed a series of isolated silver
anoparticles to quantitatively assess this dependence. Raman-
ctive modes are enhanced by the near-field intensity, while
he Raman-forbidden modes that are driven by the near-field
radient are also enhanced by the same near-field intensity. To
emove the influence of near-field enhancement and analyze
he contribution of the near-field gradient, we normalized the
orbidden-mode intensities using the intensities of Raman-active
odes measured at the same position. This allows the forbidden
ode to more clearly reflect the influence of the near-field
radient. Figure 4a shows the normalized Raman spectra of the
orbidden modes E’’, A2 ’’, E1g for silver nanoparticles of different
izes, and Figure 4b presents AFM images of corresponding
anoparticles. Specifically, the intensities of E’’ and E1g modes are
ormalized by dividing their peak intensities by the intensity of
he E2g mode, while the A2 ’’ intensity is normalized by dividing
y the A1g mode. This is determined by the relative orientation
etween the phonon vibration direction and the polarization of
he plasmonic near field. Different vibrational modes involve
tomic motions either in the in-plane (E’’, E1g , and E2g ) or out-of-
lane (A2 ’’ and A1g ) directions, and their enhancement depends
n how efficiently these vibrations couple to the local near-field.
nder dominant z-polarized excitation, the plasmonic near field
xhibits a strongly anisotropic field distribution. As a result,
ut-of-plane vibrational modes whose displacement directions
re better aligned with the near-field polarization experience
ore efficient coupling and stronger enhancement. In contrast,
of 11
in-plane modes with poorer directional matching show weaker
enhancement. Therefore, normalizing Raman-forbidden modes
with Raman-active modes in the same vibration direction gives
a more intuitive measure of how the near-field gradient in
the corresponding direction contributes to the forbidden-mode
activation. The spectra in Figure 4a are arranged from top to
bottom in increasing particle size. The normalized intensities
show that forbidden-mode activation is governed by the near-
field gradient, which is primarily determined by nanoparticle
size. Smaller nanoparticles have higher curvature and therefore
generate stronger near-field gradients, making them more effec-
tive at activating forbidden modes. On the other hand, larger
nanoparticles with lower curvature produce weaker gradients,
leading to reduced forbidden-mode activation. A more detailed
analysis shows that forbidden modes with different vibration
directions do not respond equally to nanoparticle size. This arises
from the directional mismatch between the phonon vibration
direction and the near-field gradient direction. In our system,
the nanoparticles are not perfectly uniform and their lateral (x-
y plane) and vertical (z-direction) dimensions vary differently,
which leads to anisotropic variations in the near-field gradient.
For the in-plane vibrational modes E’’ and E1g , the normalized
intensities decrease with increasing nanoparticle size, reflecting
the decrease in the lateral near-field gradient with increasing size.
For the out-of-plane vibrational mode A2 ’’, the normalized inten-
sity decreases with increasing nanoparticle height, corresponding
to a decrease in the vertical near-field gradient. These relation-
ships are clearly seen in Figure 4c , d , where E’’ and E1g intensities
are plotted against the average diameter in the x-y plane, and
the A2 ’’ intensity is plotted against the nanoparticle height. It
should be noted that lateral size measurements are convoluted
with the radius of the AFM tip, resulting in larger lateral average
diameters. To eliminate this influence, first, the same AFM tip
was used for all measurements to ensure consistent comparison,
and then the actual diameter was deconvoluted by accounting
for the estimated tip radius, providing a close approximation to
the true nanoparticle size. Furthermore, the field gradient results
from the overall shape of the nanoparticle, which, in experiments,
can be affected by any deviation from an ideal spherical shape.
To reduce the impact of this nonuniformity, we measured both
the major and minor diameters from AFM images and used the
average diameter for each nanoparticle. The nanoparticles used
in this study have only slight differences between their major
and minor diameters; therefore, using an average lateral diameter
offers a reasonable estimate of nanoparticle size. Simple fittings in
Figure 4c,d , shows quantitative relationships between nanoparti-
cle size and normalized intensity of the forbidden modes along
the corresponding vibration direction. As the lateral diameter
increases, the lateral near-field gradient and the normalized E’’,
E1g intensities decrease. Likewise, as the vertical height increases,
the vertical near-field gradient and normalized A2 ’’ intensity both
decrease. Furthermore, the normalized intensity of E’’ is higher
than that of E1g , showing that E’’ symmetric vibrations couple
more efficiently to the horizontal near-field gradient as compared
to the antisymmetric E1g vibrations (Figure 2a ). 

To further verify that the size dependence of forbidden-mode
activation indeed originates dominantly from the near-field gradi-
ent rather than from other effects, we performed electromagnetic
simulations with COMSOL using the finite element method
to analyze the near-field distributions of silver nanoparticles
Laser & Photonics Reviews, 2026
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FIGURE 4 (a) Normalized Raman spectra of a 3-layered MoS2 sample. (b) AFM images of the corresponding nanoparticles in (a). Scale bar: 50 nm. 
(c) Normalized intensities of E’’ and E1g modes against the average diameter of the nanoparticles. (d) Normalized intensities of A2 ’’ mode against the 
height of the nanoparticles. (e) Normalized intensity profiles of the nanoparticles with different sizes along the white dotted line in the inset, which shows 
a sectional view of the electric field intensity at the interfacial lateral plane between the sample and the nanoparticle. Scale bar: 50 nm. (f) Normalized 
intensity profile of different-sized nanoparticles along the white dotted line in the inset, which shows a sectional view of the electric field intensity at 
the vertical central cross-section of the nanoparticle. Scale bar: 50 nm. 
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f different sizes. In the simulation, we adopted the same z-
olarized excitation used in the experiment. To approximate
he focused field distribution produced by radial polarization
nder a high-NA (1.45) objective lens, as in the experiment,
our linearly polarized plane waves with the maximum incident
ngle were introduced from four quadrants and vectorially
uperimposed to reconstruct an equivalent strong out-of-plane
lectric field component. This method effectively reproduces the
ear-field distribution formed by z-polarized illumination in the
xperiment. Considering that the lateral size measured by AFM
ay still have some broadening due to the convolution with
he AFM tip apex radius, we used the nanoparticle height as
he reference and simulated spherical silver nanoparticles with
iameters ranging from 60 to 110 nm to match the vertical
imension of the experimental particles. Figure 4e shows the
ormalized intensity profile of the lateral near-field component
xtracted along the white dotted line (inset of Figure 4e ) in the
ontact plane between the sample and the nanoparticle, and the
orresponding near-field distribution of an 80 nm nanoparticle is
aser & Photonics Reviews, 2026
displayed in the inset. Figure 4f shows the normalized intensity
of the vertical field component along the white dotted line (inset
of Figure 4f ) in the central cross-section of the nanoparticle,
together with its spatial field distribution shown in the inset. The
simulations clearly reveal that as the nanoparticle size increases,
the near-field gradient at the particle-sample interface decreases,
and the rate of gradient decay becomes slower. Importantly,
this size-dependent trend agrees well with the experimental
behavior of the normalized forbidden mode intensities shown
in Figure 4c , d . These simulation results further support the
conclusion that forbidden-mode activation is dominated by the
near-field gradient rather than by physical deformation. Combin-
ing the simulation results with the experimental imaging results,
we can establish a clear mechanism whereby forbidden-mode
activation requires sufficiently strong local near-field gradients
that are also aligned with the phonon vibration direction. Since
the near-field gradient is primarily determined by nanoparticle
size, it becomes the key factor governing the activation and
strength of forbidden Raman modes. 
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FIGURE 5 (a) Normalized Raman spectra of a 3-layered MoS2 sample. (b) AFM images of the corresponding nanoparticles in (a). Scale bar: 50 nm. 
(c-1), (c-2), (c-3) The electric distributions in the interfacial lateral plane at the contact point between the sample and the nanoparticles of trimer, dimer, 
and isolated nanoparticle, respectively. Scale bar: 50 nm. 
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fter establishing that the near-field gradient, primarily arising
rom nanoparticle size, governs forbidden-mode activation in
solated silver nanoparticles, we further examined whether this
echanism also applies to more complex multimeric nanopar-
icle structures, such as dimers and trimers. Compared with
solated silver nanoparticles, multimers exhibit more complex
eometries and near-field distributions, making their forbidden-
ode behavior an interesting case to study. Figure 5a presents
he normalized forbidden-mode spectra for different nanoparticle
tructures, and Figure 5b shows the corresponding AFM images
f trimers (particles 1–3), dimers (particles 4–6), and isolated
particles 7–9) nanoparticles. The spectra in Figure 5a demon-
trate three typical activation behaviors: first, where all three
orbidden modes are activated; second, where only E’’ and E1g
re activated while A2 ’’ remains absent; and third, where all
orbidden modes are either too weak or invisible. By comparing
ith the corresponding AFM morphologies, we observe that
he activation of A2 ’’ is inversely correlated with nanoparticle
eight, whereas the activation of E’’ and E1g is inversely correlated
ith the lateral size of individual particles within the multimer.
lthough the correlations are less pronounced than in the
solated silver nanoparticle case due to the structural complexity,
he directional size dependence is still clearly identifiable. 

o further analyze the behavior of multimers, we performed elec-
romagnetic simulations on typical dimer and trimer configura-
of 11
tions. In the simulation, we used the same spherical nanoparticles
with diameters of 80 nm as in the isolated silver nanoparticle sim-
ulations. Figure 5c-1,c-2 , and ( c - 3 ) shows the near-field electric
distributions under z-polarization illumination in the interfacial
lateral plane between the sample and the nanoparticles of trimer,
dimer, and isolated nanoparticle, respectively. These electric-field
maps show that the fields generated by interparticle gaps in
multimers do not affect the near-field distribution in the vicinity
of the nanoparticle-MoS2 interface. For nanoparticles with an
average diameter of 80 nm, the interparticle gap centers are
located about 40 nm above the nanoparticle-MoS2 interface, so
the gap-related near field or interparticle hotspot does not play a
role in either Raman enhancement or forbidden-mode activation.
The simulations also show that the number of nanoparticles
in a dimer and trimer does not change the near-field gradient,
but it does increase the overall near-field intensity due to the
presence of multiple particles. This observation is consistent
with the experimental results, in which the Raman-active modes
exhibit greater enhancement in multimers than in isolated silver
nanoparticles due to the overall increased near-field intensity.
Therefore, the enhancement of the Raman-active modes already
contains the contribution from the number of particles in a
multimer. Once the spectra are normalized by these modes, the
influence of the field enhancement and thus the number of
particles is removed, causing the normalized forbidden-mode
intensity to resemble that of individual nanoparticles. Because
Laser & Photonics Reviews, 2026
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he simulations show that each particle in trimers and dimers
roduces nearly the same near-field gradient regardless of the
umber of particles, the key factor determining forbidden-mode
ctivation in multimers reduces back to the same factor as in
solated silver nanoparticles, where the individual particle size.
herefore, the forbidden-mode activation continues to follow the
ame principle: nanoparticle size determines near-field gradient
trength, which in turn determines forbidden-mode activation
fficiency. 

iven this size-dependent trend, we also examined the extent to
hich physical deformation could contribute to the activation
f the forbidden Raman modes. If the activation had a notice-
ble contribution from the deformation, larger nanoparticles or
ultimers with larger contact areas and stronger local strain
hould produce stronger forbidden Raman signals. However, our
xperimental results show the opposite trend: the normalized
ntensities of all forbidden modes decrease with increasing
anoparticle size. This behavior is consistent across all forbidden
odes and is distinctly different from the enhancement trend
bserved in Raman-active modes. Therefore, the size depen-
ence itself provides direct evidence against the deformation-
ominated mechanism and clearly demonstrates that the key
actor determining forbidden mode activation is the near-field
radient rather than the physical deformation induced by the
anoparticle. Combining the DFT calculations, spatial Raman
maging experiments, statistical size-dependent analysis, and
lectromagnetic simulations, we establish a clear and consistent
echanism for the activation of forbidden Raman modes. 

 Conclusion 

n this work, we developed a highly sensitive LF-PERS system and
xperimentally activated two kinds of low-frequency interlayer
honons, E’’ and A2 ’’, that are normally forbidden by Raman
election rules in 3-layered MoS2 . Through DFT simulations, we
onfirmed that these forbidden modes are intrinsic vibrational
odes of the material. A systematic analysis showed that the
ormalized intensity of the forbidden modes decreases markedly
ith increasing nanoparticle size. This trend was opposite to that
f the enhancement effect governed by the near-field intensity,
ut was fully consistent with the decay of the near-field gradient.
he same size-dependent behavior was observed in nanoparticle
ultimers. This size dependence ruled out the possibility of a
eformation-dominated mechanism and demonstrated that the
ctivation of forbidden modes is determined by the local near-
ield gradient, while physical deformation may contribute only
 minor symmetry-relaxation effect. Therefore, the appearance
f forbidden modes arose primarily from the additional optical
omentum provided by the strong near-field gradient, with local
eformation serving as a secondary factor that assists symmetry
reaking. This work not only reveals the activation mechanism of
idden interlayer phonons in 2D materials but also establishes a
ew plasmonic near-field-based approach for probing forbidden
honons, interlayer interactions, and symmetry breaking. 
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