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Interlayer coupling in two-dimensional (2D) layered nanomaterials can
provide us strategies to evoke their superior properties, such as the layer-
dependent phonon vibration, the formation of moiré excitons and related
nontrivial topology. However, to accurately quantify interlayer potential and
further measure elastic properties of 2D materials remain challenging,
despite significant efforts. Herein, the layer-dependent lattice dynamics and
elastic constants of 2D nanomaterials have been systematically investigated
via pressure-engineering strategy based on ultralow frequency Raman
spectroscopy. The shear and layer-breathing modes Raman shifts of 2H-
MoS, with various thicknesses are analyzed by the monoatomic chain model
(MCM). Intriguingly, it is found that the layer-dependent dw/dP of shear
(Sy1) and breathing (LBy a-1) modes display the opposite trends, quantita-
tively consistent with MCM analysis, our molecular dynamics simulations
and density functional theory calculations. The diatomic chain model is
combined with Raman data to analyze the intralayer and interlayer shear
force constants and their pressure coefficients, revealing a strong depen-
dence on the number of layers. These results can be generalized to other van
der Waals systems, and may shed light on the potential applications of 2D
materials in nanomechanics and nanoelectronics.

The van der Waals interactions between the atomic layers facilitate us  properties of these quantum systems, such as the layer-dependent
to mechanically exfoliate and transfer various two-dimensional (2D) phonon vibration, the twist angle-dependent moiré superlattices, the
layered nanomaterials, and further to controllably stack their prominent spin-orbital couplings in 2D heavy fermions, and the cor-
heterostructures'”. Despite its relatively weak characteristic, van der  related topological insulators®™. Therefore, the quantitative determi-
Waals interactions play an essential role in the exotic physical nation and modulation of interlayer coupling strength in 2D materials
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are of significant importance for us to boost their practical applica-
tions in twistronics and optoelectronics. However, it remains a huge
challenge. In the previous studies, the interlayer van der Waals inter-
actions in transition metal dichalcogenides have been tentatively
quantified according to the pressure-enhanced valance band
splitting'*. Obviously, this approach had material-specific prerequisite,
severely relying on the 2D samples displaying the noticeable splitting
energy in their valance bands. In addition, the interlayer strength of
van der Waals pressure has been measured by trapping pressure-
sensitive molecules between graphene layers”. Nevertheless, it is
important to note that these organic molecules themselves can
spontaneously induce the efficient charge transfer and consequently
influence the intrinsic interlayer interactions of 2D materials. More-
over, a synchrotron X-ray diffraction experiment has been established
to quantify the interlayer interactions in TiS,, and an unexpected
accumulation of electron density in the interlayer region was found',
which is difficult to popularize due to the limitations of the
complex apparatus. Besides, the surface indentation method could
measure the perpendicular-to-the-plane elasticity or the adhesion
forces between the AFM tip and the supported 2D nanoflake. However,
to prevent contamination, the experiment must be carried out in a
high vacuum, and the results should be evaluated against benchmarks
rather than treated as standalone measurements of adhesion energy or
forces'®”. In response to these limitations, a strategic approach based
on ultralow frequency (ULF) Raman spectroscopy has been developed
to quantify the interlayer interactions in multilayer graphene'®. Such

non-invasive, rapid and convenient technique can be widely extended
to numerous 2D materials, and it is suitable for diverse experimental
environments as well.

Hydrostatic pressure can effectively modulate the lattice struc-
tures and physical properties of 2D nanomaterials, without deliber-
ately introducing any impurities or defects”. Extreme pressure can
induce interlayer slippage, structural evolutions, metal-insulator
transitions, and antiferromagnetic to ferromagnetic transition in 2D
materials and heterostructures, owing to their pressure-sensitive
interlayer and intralayer interactions'*%. Typically, interlayer interac-
tions response more sensitively to pressure than intralayer interac-
tions governed by strong covalent bond. At the same time, the
interlayer coupling strength of 2D layered nanomaterial strictly
depends on its layer number (NV)'>%. For instance, diamond anvil cell
(DAC) combined with in-situ synchrotron X-ray diffraction has been
utilized to investigate the evolutional mechanism and stability of bulk
MoS, under high pressure, and the obtained equation of state sug-
gested its corresponding bulk modulus of bulk MoS, as -79.5 GPa,
while the modulus of ultrathin MoS, remains uncertain*. In few-layer
MoS,, the interlayer coupling could promote the structural transition
from 2H to AB’ configuration of quadlayer MoS, under pressure, as
revealed by the high and low frequency Raman vibration”. Addition-
ally, the performance of multi-terminal field-effect transistors,
employing few-layer MoS; as the channel semiconductor and BN as the
dielectric layer, can be notably improved under hydrostatic pressure,
accompanied by structural modification. As the thickness reduced to
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Fig. 1| Collective LB and S modes as well as high-frequency intralayer Raman
modes of 2H-MoS, under ambient pressure. a Scheme of Raman-active normal
modes of 2D layered MoS,, including the collective LB (B,g) and S (Egg) modes, and
intralayer Eig and A;; modes. b Representative optical image of the exfoliated MoS,
on a polydimethylsiloxane (PDMS) surface, and the layer numbers of MoS, are
labeled. ¢ Stokes and anti-Stokes Raman spectra of the few-layer and bulk MoS, on a

Layer number (N)

diamond surface. The dashed lines and arrows are used for guide. d Raman shifts of
few-layer MoS, as a function of N. The open circles denote the experimental (Exp.)
data. The blue (S mode) and red (LB mode) crosses mean the obtained calculation
results based on the MCM, and the data on each dashed line are from the same
branch. MCM monoatomic chain model, S shear, LB layer breathing.
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Fig. 2 | Low-frequency LB and S modes of 6L-MoS; under high pressure applied
by a DAC. a 2H-MoS, nanoflakes transferred onto diamond surface. The MEW was
used as the PTM, and the initial pressure was calibrated as 0.5 GPa. b Stokes and
anti-Stokes Raman spectra of 6L-MoS, under various pressures with MEW as the
PTM. The dashed lines indicate the vibrational frequencies of LBg 5, S¢ 3, and Se1
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modes. ¢ Pressure-dependent Raman shifts (upper panel) and FWHM (lower panel)
of Se,1, Se,3, and LBg s modes of 6 L MoS, nanoflake with the MEW (red) and silicone
oil (blue) media. DAC diamond anvil cell, MEW methanol-ethanol-water, PTM
pressure transmitting medium.

monolayer limit, high pressure can principally tune its electronic
energies and band structure, such as the transition from direct to
indirect band gap?. Overall, lattice vibration and structural stability of
ultrathin MoS, were initially studied under high pressure, implying
that both interlayer and intralayer force constants dramatically chan-
ged with pressure”?*2*, To the best of our knowledge, the compre-
hensive studies on the pressure-regulated lattice dynamics and elastic
constants of MoS, with various N is still lacking, and the associated
mechanism remains unclear.

In this work, pressure engineering approach is developed to sys-
tematically investigate the layer-number dependent interlayer inter-
actions in 2D layered materials using in situ ULF Raman spectroscopy,
by taking MoS; as the typical paradigm. Our experimental results are
analyzed with the linear chain model and consistent with the density
functional theory (DFT) calculations and molecular dynamics (MD)
simulations as well. It is found that force constants and moduli of MoS,
are dramatically enhanced with pressure, and the evolution of inter-
layer interactions exhibited a clear layer number (thickness) depen-
dence. More importantly, we find that the monoatomic chain model
(MCM) can effectively explain layer dependence of the interlayer and
intralayer vibrational pressure coefficients, providing a clear physical
model for these pressure coefficients. The results in this study can
provide a pivotal reference to clarify the servo response of mechanical
properties of 2D materials under extreme pressure.

Results and discussion

Here we took the commonly studied 2H-MoS, (space group P6s/mmc)
with layered structure as a paradigmatic example. In principle, the
relevant results can be rationally generalized to a wide family of van
der Waals materials and their heterostructures. According to the lattice
dynamics theory, each primitive unit cell of MoS, consists of two
molecules®, that is, two Mo atoms and four S atoms. Hence, there
exists 18 normal vibrational modes at the Brillouin zone center with the
irreducible representations as I' =24,, ® 2E;, @ E, ® By, ® A1y @ 2By,
® Eig @ 2E54, where except for one A,, and one £}, acoustic modes, the
remained ones originate from the long-wavelength optical phonons®.
In experiment, three Raman peaks of bulk MoS,, i.e., low frequency Eﬁg
at 32cm™ and high-frequency Eig (383cm™) and A, (408 cm™), are
usually observed without considering the resonance effect®. Impor-
tantly, the E gg (shear mode (S)), and in-plane £ ig and out-of-plane A4,,
modes vibrate along the intralayer and interlayer directions, respec-
tively, as shown in Fig. 1a. Notably, the intralayer vibrations refer to the
relative motions of atoms within an individual layer, whereas the
interlayer vibrations are the collective excitations of the entire MoS,
layer perpendicular or parallel to the normal direction. More inter-
estingly, these vibrational frequencies are principally sensitive to the
N°%. When the thickness of bulk 2H-MoS, is shrank to few layer, the
point group D}, is changed to D5, (even number) or D3y, (odd number),
as shown in Supplementary Note 1. For even N, its layer breathing (LB)
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Fig. 3 | Pressure-dependent Raman results of both LB and S modes of few-layer
2H-MoS, (2 to 9 layers) obtained by experiments (Exp.) and theoretical calcu-
lations (DFT and MD). a The measured and calculated (DFT and MD) Raman
results of LBy,x.; (upper panel) and Sy ; (lower panel) modes of MoS, with different
N, which cover 2 to 9, and bulk as indicated with dashed lines. b The experimental
FWHM of LBy, (red) and Sy;; (blue) modes of MoS, with different N. Note that the
logarithmic scale is used in the y-axis. The red and blue arrows indicate the
increasing of pressure. DFT density functional theory, MD molecular dynamics.

and S modes are classified as either Raman-active or IR-active; for odd
N, the LB modes can be either Raman-active or IR-active, while the S
modes can be Raman-active or both Raman-active and IR-active. In
normal, N-layer MoS; typically includes (N-1) two-fold degenerated S
modes and (N-1) nondegenerate LB modes, as shown in Supplementary
Fig. 1and 2. Supplementary Fig. 3 to 7 show Sy ; and LBy ».; vibrational
modes of 2L to 6 L 2H-MoS, under ambient pressure from MD simu-
lations, respectively. By analyzing the amplitudes in time domain and
frequency domain, along with the corresponding phases, we can
assign the specific phonon mode for a given vibrational frequency.

Figure 1b displays the representative few-layer MoS, nanoflake
exfoliated from the high-quality bulk crystal, with the thickness exactly
determined by the combined optical contrasts and low-frequency
Raman spectra. Figure 1c presents the detailed Stokes and anti-Stokes
Raman spectra of MoS, nanoflake with various N, acquired using our
homemade Raman system with its layout shown in Supplementary
Fig. 8. The extracted N-dependent Raman shifts are summarized in
Fig. 1d. As N increases, the high-frequency Eig and A;, modes shift
oppositely till saturation when N exceeds around 5, well consistent
with the literature®.

Next, for the low-frequency Egg and B,, modes, the MCM can
be used to explain the experimental results, when considering
that each individual layer rigidly vibrates against its adjacent
layer. In this scenario, each MoS, layer can be simplified as a rigid
ball with the mass density u (the total mass per unit area), and
interlayer interactions can be represented by the elastic constant
a between balls. Therefore, by diagonalizing the N x N dynamical
matrix, the frequencies of (N-1) two-fold degenerate S modes and
(N-1) LB modes can be calculated as @ (Sy,n-) = @(Spui)sin(im/2N),
and (LB y.) = @(LBpui)sin(im/2N), respectively’”’, where the
®(Spy) = 1/mey/al /p and w(LBy,) = 1/mcy/at/p are attributed

from the S and LB modes of bulk crystalsandj=1,2,3, ..., N—1.
al (a*) corresponds to the in-plane (out-of-plane) interlayer force
constant per unit area between the nearest-neighbors, u is the
total mass per unit area of each layer, and c is the speed of light.
Obviously, Sy ;/LBy ; with j=N-1is the highest-frequency branch,
while Sy y_;/LBy y_1(/ = 1) means the lowest-frequency branch. As
shown in Fig. 1d, our experimental data can be well fitted with the
MCM, implying the negligible coupling of MoS, layer with its
substrate. Besides, the third highest-frequency Sy; mode toge-
ther with the lowest-frequency LBy y_; and the third lowest-
frequency LBy, n-3 modes of few layer MoS, have been observed in
Raman spectra as well, despite their weak intensities®. The a' and
a* for 2H-MoS, under ambient condition were derived as 2.8 x 10"’
and 8.6 x10” Nm™, respectively, which is quantitatively con-
sistent with those in the literature®®. Furthermore, we performed
the detailed DFT calculations and MD simulations to gain more
insights on the N-dependence of vibrational frequency of MoS,,
and the results were in good agreement with the experimental
data, as illustrated in Supplementary Fig. 9.

To probe the pressure effect on the interlayer and intralyer cou-
plings of MoS,, we transferred the few-layer MoS, onto the diamond
culet and the extreme hydrostatic pressure can be generated with a
symmetrical DAC, as shown in Fig. 2a. Such a GPa-level pressure can
conveniently shorten both the interlayer and intralayer distances, and
thus effectively modulate the relevant Raman frequencies. Figure 2b
exhibits the evolution of Raman spectra of 6 L MoS, under high pres-
sure up to 9.6 GPa with the mixture of methanol-ethanol-water (MEW,
16:3:1) used as the pressure transmitting medium (PTM), and the
structural transitions may happen at such high pressure®. From our MD
simulations, four low-frequency Raman modes as S¢1, S¢3, LBes and
LBg, s can be detected under ambient pressure (Supplementary Fig. 10),
as discussed previously in Fig. 1c. When subjected to high pressure, the
LBs 3 mode weakened dramatically and became undetectable in our
experiments (Fig. 2b and Supplementary Fig. 11). The intensity of three
remained modes gradually decreased as the pressure increased, pri-
marily owing to the phonon scattering with the surrounding transmit-
ting medium or the enriched charge carriers. Under high pressure, all
Raman frequencies of S¢1, Se3, and LBgs exhibit the significant blue-
shift, which can be well explained by the compressed lattice constants
and resultant enhanced lattice structure of MoS, under pressure. When
the pressure totally released, the Raman vibrations basically return to
the initial state, as shown in Fig. 2b. Typically, the lattice constant c is
reduced by 6.4% at ~10 GPa*. Impressively, the S modes strengthened
more rapidly with a larger slope dw/dP than LB mode in Fig. 2c. In
general, LB modes involve the out-of-plane atomic motions and should
therefore be more sensitive to the variation of interlayer spacing than S
modes. However, the intuitive analysis is indeed inconsistent with our
experimental data in Fig. 2c. Below, we will make the detailed discussion
on this unexpected phenomenon. On the other hand, the full width at
half-maximum (FWHM) of each peak became larger under high pres-
sure, and the LB mode presents more prominent, indicating its shorter
lifetime 7, due to the anharmonic decay of phonon transport. For
instance, the FWHM of LB¢ s mode was enlargred from ~2.3 (0 GPa) to
9.5cm™ (8 GPa), resulting in the reduced 7 from 14.3 to 3.5 ps based on
the uncertainty principle AE ~ A/t.

In addition, when PTM was replaced with silicone oil, blue shift
trend of low frequency Raman vibration of MoS, is qualitatively con-
sistent with those by MEW, as shown in Fig. 2c. Notably, the FWHM of S
vibration widens more significantly than that in MEW, while the
increase of FWHM in LB vibration is smaller than that in MEW. This
phenomenon indicates that MEW offers good hydrostatic perfor-
mance in the current pressure range (P<10 GPa)*’, producing negli-
gible shear stress on MoS, sample, which leads to widened FWHM for S
modes. Therefore, the significant widening of FWHM for LB vibration
in MEW is mainly due to the effect of hydrostatic pressure.
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Fig. 4 | Pressure-modulated elastic constants and lattice dynamics of few-layer
2H-MoS,. a MCM of MoS; on a solid substrate. b Evolution of force constants (a*
and a'') and moduli (G335 and C,4) of LB and S modes of MoS, under high pressure.
The solid and empty symbols denote the exp. and MD results, respectively. The
changes in the force constant and modulus under high pressure seem linear,

leading to the nonlinear dependence of Raman scattering on pressure. cN-depen-
dence of Raman shifting rates of dw(LB)/dP and dw(S)/dP of MoS,. Note that
dw(LB)/dP and dw(S)/dP intersect when N approaches to ~4. The soild, empty, and
empty with X intersection symbols denote the exp., DFT, and MCM results,
respectively. The dahsed and solid lines are guides for the eyes.

To investigate the N-dependence of low-frequency Raman shifts
of 2H-MoS, under high pressure, we measured the Raman spectra of
MoS, nanoflakes with different N in DAC. The acquired Raman results
of the lowest-frequency LBy y.;, and the highest-frequency Sy; modes
are displayed in Fig. 3a, as well as the DFT and MD calculations.
Apparently, for a MoS, nanoflake with the given N, both LBy y.;, and
Sn;1 modes monotonically display the evidently blueshifted vibra-
tional energies (Fig. 3a) and the boardened linewidths (Fig. 3b) with
pressure, similar with the results of 6L-MoS, in Fig. 2. Interestingly,
LB and S modes present distinct Raman shift rates with pressure, that
is, dw(LByn.1)/dP (dw(Sy1)/dP) becomes smaller (larger) as the N
increases. These exotic results was further confirmed by the theo-
retical calculations using both DFT and MD approaches (Fig. 3a). The
quantitative anlysis will be discussed later in Fig. 4. The Raman
vibrations of bilayer MoS, still remained observable when the pres-
sure exceeds 9.6 GPa, instead of the total vanishing in methanol-
ethanol-water mixture, as shown in Supplementary Figs 12-16. Fur-
thermore, the FWHM of LBy,.; mode was superior to that of Sy
mode, and both of them decreased with N, as shown in Fig. 3b, which
is rather consistent with the literature results®**°. As the applied
pressure increases, for a given N of MoS,, the FWHM values of LB
modes became remarkably widened, due to the reduced phonon
lifetime caused by pressure. The layer-dependent broadening of
FWHM under high pressure is discussed in more detail in Supple-
mentary Fig. 17.

To better understand pressure effect on the interlayer
interactions of MoS,, we utilized MCM to thoroughly analyze the

low-frequency Raman modes of N-layer MoS, under various
pressures as shown in Fig. 4a and Supplementary Fig. 18, which
allowed us to evaluate the S (a') and LB (at) force constants, as
well as the S modulus (C44) and LB modulus (Cs3). In terms of
nanomechanics, we understand that C;; = a‘t and C,, = alt,
where t corresponds to the equilibrium distance between the
neighboring layers of MoS, under the specific pressure
condition'®?*, As shown in Fig. 4b, the elastic constant a' of S
mode dramatically increased from 2.8 x10" (0 GPa) to 8.4 x10"
(8GPa) N m™. In contrast, the a*- of LB mode responds more
quickly on pressure from 8.6x10°Nm= at OGPa to
31.4 x10” N m™ at 8 GPa, owing to the more significant compres-
sion of interlayer distance (B.=10.4x1073/GPa, B,=2.6x107%/
GPa)?* under pressure. The derived Cs3 and C44 moduli presents
similar behavior after calibrating the thickness of MoS, under
pressure, which is consistent with our MD calculations and lit-
erature results*. The obtained force constants by fitting through
MCM theory are consistent with those calculated from MD
simulations, and the MD-derived force constants are based on the
bulk MoS> under hydrostatic pressure. This indicates that the
few-layer and bulk samples should be in the similar stress envir-
onment. Additionally, during decompression process, Raman
spectra of 2H-MoS, exhibited good recovery in Supplemen-
tary Fig. 19.

We further summarized all the dw/dP data of LB and S modes for
MoS, with different N, obtained by experiments and DFT calcula-
tions, as shown in Fig. 4c. It is clear that as N increased, dw(Sy1)/dP
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gradually increased and then became saturated at about 6 layers,
while dw(LB x.1)/dP conversely decreased and became saturated at
~9 layers. Moreover, when the N was less than 4, the dw(LBy y-))/dP
values were obviously larger than dw(Sy,;)/dP, however, the results
are reversed when N > 4. This can be well explained by the MCM, as
shown in Fig. 4c. For the Sy; mode, we know dw(Sy;)/
dP = [dw(Spun)/dPlsin[rt(N-1)/2 N]. Since dw(Spu)/dP is kept as a
constant, dw(Sy ;)/dP monotonically increases as the N. Breathing
mode LBy n.; has the similar result, dw(LBy n-1)/dP = [dw(LBpyi)/dP]
sin(r/2 N), and thus dw(LBuy.1)/dP decreases as N increases. Mor-
evoer, C33 is more sensitive to pressure than C,4, leading to
d(u(LBbu]k)/dP> d(u(Sbulk)/dP. When N=2, dW(Szll)/dP< d(u(LBz,I)/dP
can be decuded. When N approaches the infinity, dw(LBy y-)/dP~0
<dw(Sy,1)/dP~ dw(Spun)/dP. So there must be a crossover between
dw(Sy ;)/dP and dw(LBy.)/dP at a finite N, well consistent with our
experimental results in Fig. 4c. Alternatively, this phenomenon
might be understood by different stress states of MoS, nanoflakes
with different N as well*. For the ultrathin MoS, (N -~2), it mostly
endures the uniaxial compression. For the thicker and bulk MoS,,
hydrostatic pressure dominates Raman responses of MoS, over
stress conditions.

To further investigate this phenomenon, we compared the pres-
sure responses of MoS, with different N in two PTMs: silicone oil
(Supplementary Fig. 20) and MEW. As shown in Supplementary Fig. 21,
the MCM theory can accurately predict the dw/dP variation for low-
frequency Raman modes of MoS, in both cases. In the silicone oil with
inferior hydrostaticity®, the obtained dw/dP is generally lower than
that in MEW with better hydrostatic pressure. This indicates that few-

layer MoS, has stress states similar to those of bulk samples, otherwise,
the MCM theory may become invalid. Given the strong correlation
between the experimental and simulation results, it is believed that
MoS, samples endure hydrostatic pressure environment when using
MEW medium, regardless of its layer number. Furthermore, we found
that the MCM theory is applicable to 3R-MoS, (Supplementary Fig. 22)
and the previously reported 2H-MoTe,"” (Supplementary Fig. 23) as
well. However, for bilayer MoS, with a twist angle (~10 *+ 0.6°), the
high-pressure Raman response dramatically differs from that of natu-
rally stacked bilayer MoS,, due to phonon renormalization effect
(Supplementary Fig. 24).

In order to further elaborate the influence of external pressure on
elastic constants of MoS,, diatomic chain model (DCM) theory pro-
posed by Wieting?®***, which considers both intralayer and interlayer
interactions, was adopted to analyze our experimental data, as shown
in Fig. 5a. In this model (inset of Fig. 5a), the shear and compressive
force constants between the chalcogen planes of the neighboring
layers are defined as G, and Cj, and between the molybdenum and
chalcogen planes in a layer are C;, and Cj,, respectively. Based on
Raman results of the in-plane Eig and Eﬁg in Figs. 5a, 3a and Supple-
mentary Note 2 in Supplementary Information, the values of C}, and C},
under each pressure can be deduced readily, as shown in Fig. 5b and
Supplementary Fig. 25. The values of G, rapidly increased with pres-
sure, among which bilayer MoS, changes the slowest as shown in
Fig. 5b, and the change rate increases gradually with the increase of N
in Fig. 5c. It is obvious that the slope values become saturated as N
increases to 6, quantitatively consistent with the results of MCM
mentioned above in Fig. 4c. Similarly, the slope change of C;, has the
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comparable trend with that of Cy,. The linear slope dC}, /dP of N=2 and
bulk MoS, were calculated as 0.27 x107 and 0.58 x102cm™/GPa,
respectively. In addition, the ratio of C;/C;, indicates the relative
strength of interlayer and intralayer interactions, and thus the greater
the ratio, the stronger the interlayer coupling. Figure 5d shows the
calculated C}/C;, data of MoS, with different N. With the increase of
the N, the G} /C;, ratio became larger, indicating that the interlayer
interactions and the N displayed the basically positive correlation. The
value of C},/C;, gradually increases with pressure, but it remained less
than 4.5% under ~8 GPa, indicating that the NL MoS, still retained the
acceptable 2D characteristic even under such high pressure.

In conclusion, we systematically investigated the interlayer and
intralayer interactions of 2D layered MoS, under extreme pressure by
the ULF Raman spectroscopy, together with DFT calculations and MD
simulations. The obtained N-dependent Raman results were analyzed
through the MCM and DCM. Both interlayer and intralayer force con-
stants gradually increased as pressure increased, with a more sig-
nificant increment in the interlayer coupling owing to its rapid
pressure response. Furthermore, it was found that the shift rates of
LBy modes gradually decreased as N became larger, dramatically
different from the Sy; modes, which can be explained using the MCM
model under high pressure. Additionally, the MCM model could be
used to predict the low-frequency Raman vibrational response of
various naturally stacked 2D materials under high pressure, not just
2H-MoS,. The current study is expected to offer insights into pressure-
engineering of physical properties of 2D materials and further pro-
mote their potential applications in nanomechanics and
optoelectronics.

Methods

Preparation of MoS, nanoflakes and the characterizations
Few-layer MoS, nanoflakes were prepared by mechanical exfoliation
from the commercial MoS, crystals with high quality (2D Semi-
conductors, USA). Polydimethylsiloxane was utilized as the template,
instead of the conventional Scotch tape to exclusive any tape residual,
and then MoS, nanoflakes were directly transferred onto the culet of
diamond. The entire dry-transfer process can guarantee the clean
MoS; surface without any contamination or dirt. Layer number of few-
layer MoS, nanoflakes was exactly determined by combining optical
contrast and low-frequency Raman spectra.

High-pressure raman spectroscopy

We used a symmetric DAC with a ~400 pm culet to generate high
pressure on MoS; nanoflakes. A T301 gasket with the central ~160 pm
hole drilled by laser milling was used as the sample chamber. The
pressure was calibrated by the shifted fluorescence peak of the tiny
ruby ball, placed near to the MoS, nanoflakes in DAC. The methanol-
ethanol-water (16:3:1) mixture was used as pressure transmitting
medium, in order to compare the hydrostatic pressure effect on
Raman spectra of MoS,.

All Raman spectrum were acquired through our homemade
Raman system, which is based on the SmartRaman confocal-micro-
Raman module (Institute of Semiconductors, Chinese Academy of
Sciences) and equipped with the Horiba iHR550 spectrometer and
532 nm laser as an excitation source. Importantly, the laser power was
optimized to be low enough, in order to avoid the possible over-
heating effect. A single-longitudinal-mode laser with narrow linewidth
and high stability (MSL-1lI-532), and a narrow linewidth (better than
10 cm™) bandpass filter (BPF) based on the volume Bragg grating (VBG)
technique was used to detect the low-frequency Raman modes®. Three
VBG-based notch filters (BNF) (bandwidth: ~-8-10cm™) with high
transmittance (up to 80%-90% dependent on the laser wavelength)
and an optical density (OD) 3-4 were strategically used to suppress the
strong Rayleigh background, and the BPF was utilized to remove any
plasma line of laser source. Moreover, two mirrors behind the

reflecting filter (BPF) were used to align the laser beam to the center of
the first BNF, as shown in Supplementary Fig. 8. The angles of three
BNFs were precisely tuned to block the Rayleigh line up to 107°-107"%
An iHR550 spectrometer was equipped to detect the Raman scattering
signals.

DFT calculations

DFT calculations were performed by the Vienna Ab initio Simulation
Package***. The projector-augmented wave method*® was adopted to
describe the core-valence interaction. The exchange-functional was
treated by the generalized gradient approximation of the Perdew-
Burke-Ernzerhof functional®’. The energy cut-off for the plane wave
basis expansion was set to 500 eV and the convergence criterion of
geometry relaxation was set to 5meV/A. The self-consistent calcula-
tions applied a convergence energy threshold of 10°eV. A 12x12x1
Monkhorst-Pack k-point grid*® was used to sample the Brillouin zone of
the unit cell of bulk MoS,. The van der Waals interaction was included
through Grimmes’s DFT-D3 method*. The phonon modes were cal-
culated using the finite displacement method.

MD simulations

To evaluate the dynamic characteristics of multi-layer MoS,, we per-
formed a series of large-scale MD simulations for the vibrations of
multi-layer MoS, under different pressures. All MD simulations were
performed via the large-scale atomic/molecular massively parallel
simulator (LAMMPS)*°, We constructed 2- to 6-layer 2H-MoS, samples
with the same in-plane dimensions 0f 10.52 x 9.91 nm? and an interlayer
spacing of 0.62 nm. During simulations, we used the reactive empirical
bond-order (REBO) potential® and registry-dependent interlayer
potential (ILP)*>** to describe the bonded intralayer and non-bonded
interlayer interactions of Mo and S atoms, respectively. The REBO
potential can accurately describe the thermodynamic, structural, and
mechanical properties of single-layer MoS,’'. The ILP incorporates the
long-range vdW attraction and the short-range Pauli repulsion
between two layers of multi-layer MoS, system*>**, Since the ILP is
benchmarked against DFT calculations and is augmented by a nonlocal
many-body dispersion treatment of long-range correlation, this
potential can effectively capture the physical and mechanical proper-
ties of polarizable multi-layer MoS, systems®>*,

We first performed MD simulations to investigate the vibration
modes of 2- to 6-layer 2H-MoS, under 0 GPa. All simulated samples
were equilibrated by initial energy minimization and subsequent free
relaxation for 250 ps. During free relaxation, the pressures were
controlled as zero, and the temperature was kept at 300K via an
isothermal-isobaric ensemble®. Periodic boundary conditions were
imposed along two in-plane directions, while free boundary condi-
tion was applied along the out-of-plane direction. After free relaxa-
tion, we monitored the centroid coordinates of each MoS, layer at an
interval of 1fs for 50 ps, and obtained the evolution curve of vibra-
tion displacement of each layer with time. Then, we performed fast
Fourier transform (FFT) on the vibration displacement-time curves to
make the spectrum and modal analyzes on the variation of simulated
samples. Furthermore, we performed MD simulations to further
investigate the vibration modes of bulk 2H-MoS, under different
pressures. We constructed the 2H-MoS, bulk by applying periodic
boundary conditions along all three directions of a 6-layer 2H-MoS,
throughout simulations. The sample was equilibrated by initial
energy minimization and subsequent free relaxation at 300K for
100 ps. After equilibration, the hydrostatic pressure was controlled
to reach the target values (0, 0.5,1.7,2.4,3.1,4.1,4.7,5.5, 6.3, 7.3, 8.0,
and 9.6 GPa). The simulated sample was relaxed for 250 ps under a
given pressure. Both pressure and temperature were controlled
using an isothermal-isobaric ensemble’*. We obtained the time-
evolution curve of vibration displacement for each layer by mon-
itoring the variation of centroid coordinate of each layer with time,

Nature Communications | (2025)16:4901


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60211-8

and then performed spectrum and modal analyses on these time-
evolution curves via FFT. Subsequently, we calculated the vibration
frequencies (w(Spui) and w(LBpyi)) and the interlayer force con-
stants (ag and a‘(')) per unit area of bulk sample by plugging the
highest frequencies of S and LB modes obtained from MD simula-
tions into the MCM. Then, we obtained the variation of the fre-
quencies (w(Sy1) and w(LByy.)) with the layer number N by
substituting the vibration frequencies (w(Spui) and @(LBpy)) of S
and LB modes of bulk sample into the MCM. Using the conversion
relationship between the frequency and the Raman shift, we can
determine the dependence of the Raman shift of multi-layer 2H-MoS,
on the layer numbers.

Data availability

The source data presented in this study have been deposited in the
figshare database under access code https://doi.org/10.6084/m9.
figshare.28815164.v2. All raw data generated during the current
study are available from the corresponding authors upon
request. Source data are provided with this paper.
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