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Shear phonons are collective atomic-layer motions in layered materials that
carry critical information about mechanical, thermal and optoelectronic
properties. Phonon branches with co-directional atomic-layer motions
carry unique information about the global structure and hidden interfaces
inlayered crystals and heterostructures, but they are not detectable
duetothe verylimited electron-phonon coupling. Here we utilize the
propagating feature and mechanical coupling between shear phonons and
localized plasmonic cavities to successfully realize direct characterization
of ground-state shear phonons down to 4 cm™in energy by introducing
mechano-Raman spectroscopy (MRS). MRS has the ability to characterize
the global crystal structure with more than 10%-fold enhancement and to
accurately measure subpicometre displacements under ambient conditions
with a thermal-noise-free feature. The propagating behaviour and the
capacity of MRS to detect optically hidden interfaces are demonstrated.
The broad tunability of plasmons makes the MRS technique a robust tool for
extensive applications, including global crystal flaw detection, mechanical
sensing and the mechanical modulation of light.

Van der Waals layered systems give rise to previously inaccessible  of optical*’, electrical*, magnetic’ and thermal’ approaches. Among
and interesting physical properties'” via the tailoring of interlayer  all the types of interlayer interaction, mechanical interactions have a
interactions. Such interactions are mysterious and hard to fully deci-  dominantrole because they directly correlate with the atom-levelinter-
pher®, although substantial progress has been made through the use  facial structure and functionality. Besides offering richinformationon
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Fig.1| MRS for direct frequency-domain detection of mechanical vibrations.
a, Energy diagram of amechano-Raman scattering process. v,and v, are the
frequencies (in cm™) of resonantly excited surface plasmons and incident
photons, respectively. We have v, = v,. E,and E, are the energy levels of the
ground-state and excited-state electrons in the plasmonic metal. The schematic
illustrates the coupling between the plasmonic cavity and a vibrator (mechanical
vibrator frequency, V.- b, Schematics of the experimental set-up for MRS.
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A mechanical vibrator exerts a periodic force on the plasmonic metal, and the
periodic polarizability change of the plasmonic cavity causes the inelastic Raman
scattering (one-dimensional displacement, +Q). BPF, bandpass filter; BNF,
BragGrate notch filter. ¢, MRS spectrum of a13LG. Excitation is provided by a 532-
nm laser (9.43 mW, 150 s). The shaded area marks the part blocked by the notch
filter.d, Atomic-layer motions of v, to v, of a13LG.

electron-phonon coupling'®?and heat transport”, interlayer phonons
are the most straightforward and informational medium for providing
details on mechanical coupling and propagation, making themvital to
the design and development of next-generation, intelligent van der
Waals materials.

Optical Raman spectroscopy has been widely used as a tool for
phonondetectionbased onadirect light-vibrator inelastic scattering
process™. In the past, the experimental measurement of shear phon-
ons has been restricted by the limited electron-phonon interaction
strength™. If we take 16-layer graphite (16LG) as an example, only the
highest-frequency interlayer shear phonon (42 cm™) is optically detect-
able'’, because the relative intensities of the lowest and second-lowest
ones, as estimated by theory, are ~9.1x107 and 0, respectively. The
propagating characteristics of such lower-frequency phonons carry
information about the global structure and hiddeninterfaces; however,
none of the well-established techniques is as yet capable of tracing
them experimentally.

The investigation of optically dark processes usually brings a
revolutionary understanding and knowledge of the functionalities
of matter’>'. To capture mechanical information from the interlayer
interactions, it is necessary to build a bridge between mechanical

vibrators and spectroscopic technologies. Over the years, several
pioneering theoretical and experimental attempts have been made
that take advantage of optomechanical effects by placing molecule
vibratorsinside a plasmonic cavity”?°. With this in mind, in this Article
we propose a feasible and more general approach that mechanically
couples phononvibrators with plasmons. In this scenario, each phonon
vibrator periodically drives the plasmonic nanostructures through
collected mechanical motions from the atomiclayers, resultingin spe-
cificmechanical modulation of the plasmonic frequency and intensity
thatis directly detectable in energy space. The use of plasmons as the
scattering medium has at least three advantages: a large scattering
sectionwithincident light?, easy coupling with the vibrator”"” and
high compatibility with different excitation wavelengths? . It should
be emphasized here that other quasiparticles with non-zero dipole
polarization can also, in principle, act as the scattering medium to
achieve the required mechanical couplings.

The concept of mechanical coupling between plasmons and a
mechanical vibrator isillustrated in Fig. 1a. Incident light (v,) creates
asynchronous oscillating dipole in the plasmonic metal nanostructure
under resonant excitation. The induced electric-dipole vector of the
plasmonic cavity canbe expressed as xoEj o, o (1) cos (v, t), where x, is
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Fig.2| MRS for dark phonon observation and quantitative mechanical
investigations. a, MRS spectra of N-layer graphite. b, Peak positions for N-layer
graphite as extracted ina (filled symbols), as well as the corresponding LCM
calculation results (open symbols). Grey boxes mark optically dark vibrations
whose tensors of polarizability are zero. ¢,d, Quantitative investigation of the
MRS intensity for shear phonon vibrators with different vibration mode number
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i. Atomic displacements (left) and phonon wavefunction plots (right) forv;, v,
and v, (c), where the y axis represents the atomic layer number (j), and V, ;is the
displacement vector of thejth atomic layer for ith vibration mode. The dashed
line marks the nodal plane. Ind, the experimental intensity profile (filled
symbols) for v, (i =1-7) has good consistency with the MRS model (open symbols),

. . 2
accordingto the equation yoq 1. mode o p2 % V?,j|fELoc,0 ) dr| .

theintrinsic polarizability of the plasmonic cavity, and E,, ,(r) and v,
are the spatial distribution of the amplitude of the plasmonic field
vector and the frequency of the localized incident light, respectively.

scattering signal. In shear phonons, all the atoms in each individual
layer are treated as one rigid ball and share the same displacement
vector, and each layer moves differently to form lattice waves with

Here we take advantage of the non-propagating feature of the localized  different characteristic frequencies. Lower-frequency phonons, in

plasmonic field; once remote coupling occurs, the localized plasmon
willbe modulated by amechanical vibrator with frequency v, Retain-
ing thefirst-order approximation, the dipole momentinduced by the
mechanical vibrator can be described by classical mechanics as

1| 2 n )
5‘ X Qmet,thLoc,o(r)cos[(vpivmech)t]whereaa X__isthefirst

anet,lo( met, tot

derivative of the polarization tensor, and Q. . iS the displacement
vector of the plasmonic metal under mechanical modulation (Sup-
plementary Section 2 and Supplementary equation 6). Finally, thereis
aremote energy transfer between the mechanical vibrator and the
resonant plasmon, resulting in a Stokes Raman (v, - v,,..,) and an
anti-Stokes Raman (v, + V,,.c,) Signal. We call this new type of spectro-
scopic technology ‘mechano-Raman spectroscopy’ (MRS).

Theimplementation of an MRS experiment requires a character-

particular, will cause net displacements in the horizontal direction
(Supplementary Fig. 1). This guarantees an effective energy transfer
with electronic oscillations under a back-scattering set-up. As illus-
trated more intuitively in Supplementary Video 1, such phonons are
indeedideal vibrators to drive the plasmonic metal.

We conducted an MRS experiment for 13-layer graphite (13LG)
after placing on Ag nanoislands on the 13LG. Strikingly, a series of
prominentand narrow Raman features are seen, located symmetrically
on both sides of the Rayleigh scattering line (Fig. 1c). These are invis-
ible in optical Raman spectroscopy (Supplementary Fig. 2). Notably,
these emergent signals are exactly the Stokes and anti-Stokes MRS
signals, which agree well with the theoretical frequencies of shear
phonons™. In layered materials, according to the linear chain model
(LCM)™°, an N-layer graphite piece has (N - 1) degenerate types of shear

ized system and a suitable investigating object. The optical set-up mode (Supplementary Table 1). Here, the v;mode is defined as the ith

and sample configuration for MRS are presented in Fig. 1b. We used
multiple BragGrate notch filters (BNFs) to purify the excitation laser
andblock the excitation light when collecting the ultralow-frequency

shear mode in an N-layer sample starting from the lowest frequency.
Figure 1d displays the atomic-layer motions of v, to vsin a13LG, corre-
spondingto Fig.1c. To ensure that the emergent signals are from MRS,

Nature Photonics


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-023-01181-5

477 K
447 K

A17 K

)
S e
—
0
—
N
SRRV AY

i

297 K

257K

217K

13

Raman intensity (a.u.)

177 K

17K

Monme
AV
Pt

97 K

Raman shift (cm™)

Fig.3|Thermal-noise-free feature of MRS. a, The in situ temperature-
dependent MRS spectra of 13LG. The temperature range is 77-477 K.

b, Temperature dependence of the integrated anti-Stokes and Stokes intensity
ratio (/,¢/Is) of the v, mode. Experimental MRS values and the calculated Bose—
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phonon of Si (520.7 cm™) is also plotted as a reference (grey).

possible disturbances from electromagnetic-field enhancement® were

excluded (detailed discussions are provided in Supplementary Sections
2 and 3 and Supplementary Fig. 3).

MRS canbe conveniently exploited to identify shear vibrators with
differentnumbers of layers. Figure 2a presents MRS investigations of a
series of AB-stacked graphite flakes (fromthree layers (3L) to12 layers
(12L)). The experimental vibrational frequencies of allemergent signals
match the LCM-calculated results well (Fig. 2b and Supplementary
Tablel), anditisworthemphasizing that all these signals areinvisiblein
optical Raman spectroscopy. The grey boxesin Fig.2b mark the inactive
Raman modes with zero polarizability. Remarkably, MRS is sensitive
enough to detect phonon-driven motions from the plasmonic metal
down to 3LG, where unambiguous MRS signals occur at +23.1cm™.
We have also successfully utilized MRS to characterize many other
layered materials, including semiconductors (for example, MoS, and
WSe,) and insulators (for example, hexagonal boron nitride (h-BN)),
asshowninSupplementary Fig.4. The above resultsindicate that MRS
isaningenious and versatile way of studying mechanical features that
are otherwise inaccessible. We have examined the role of resonant
excitation of the plasmon medium and performed MRS analyses with
different excitation wavelengths (Supplementary Fig. 5). Given that
the plasmonic mediumis tunableinabroad wavelength range fromthe
ultraviolet to infrared regions®, we anticipate that the MRS technique
issuitable for on-demand analysis in various application scenarios.

We also demonstrated the capacity of MRS for quantitative meas-
urement of atiny amount of vibration amplitude. Based on the mechan-
ical coupling nature between plasmons and the vibrator, the Raman
intensity of each mode was determined by the polarizability tensor of
the plasmonic cavity, which is dynamically modulated by each shear
phonon. The polarization tensoris directly related to the displacement

vector of the plasmonic metal, Q¢ 1or- Generally, Qec. ot = Qumet, 0 + PQmechr
where p is the plasmon-vibrator mechanical coupling efficiency and
Qner, oisthe eigen displacement vector of the plasmonic metal. We have
Quer0 = 0, considering the zero net displacements of the plasmonic
metal without an external driver. For a perfectly coupled system in
which the motions between vibrator and plasmon are fully synchro-
nized, we have p =1, and thus Q¢ 1ot = Qmech- FOr anuncoupled system,
the plasmon is regarded as an eigenstate (p = 0). Integral of all space,
the perturbationtermwould resultinaradiative dipole. In other words,

2 2
X 212
\—anM P2Q2, | /Eroco (1 di| ata

resonantenergy of Vyrs = Vp & Vmechin MRS. Detailed discussions are
provided in Supplementary Section 2.

Taking 16LG as an example, we made a more precise analysis
of the MRS process. A transmission curve of white light (after
passing through BNFs) was used to calibrate the measured intensities
of dark phonons (Supplementary Fig. 6). Because the frequencies
of the vibrators are close to each other, the resonance-induced
intensity difference was estimated to be less than 1% and thus is
neglected here for calculation of the MRS intensity (Supplementary

2 2
P’Q |fEL0c,0 3 dr| andthedegen-

the intensity is proportional to

[

0Qmet, tot

Fig.7).Accordingto/ ‘

erate nature of all shear phonon vibrators, the relative intensity of
each shear vibrator in the 16LG is only determined by coupling coef-
ficient p. As shown in Fig. 2¢, the atomic movements (V, ) of the v;
mode andits phononwavefunctionareillustrated. The effective plas-
mon-vibrator coupling region should relate to atomic-layer motions
before the first nodal plane of its phonon wavefunction, that is,
the integrated regions highlighted in red in Fig. 2c. The position of
the first nodal plane for the ith mode is (NV/i +1)/2. As a result, the
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Fig. 4| Propagating behaviour in multi-component vibrators and the
capacity for hidden-interface detection. a, MRS of phonon vibrators covered
by monolayers with different ductility, that is, 3L-MoS, with and without a 1LG
cover layer (top) and 6LG with and without a 1L-MoS, cover layer (bottom), from
whichwe can see that MRS was blocked by a ductile cover layer (1LG) and allowed
by amore rigid one (MoS,). b, MRS of a heterogeneous (top, 3L-MoS,/4L-WSe,)
and ahomogeneous (bottom, folded-10LG) bicomponent lattice vibrator. All
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MRS signals are identified and labelled, and peaks from the optical Raman
scattering process are marked with an asterisk. The schematics on the right are
intended to better illustrate the sample structures. The marked MRS signals in
the spectraareinaccordance with the colour of the corresponding material. For
clarity, all the spectra are normalized by the intensity of the strongest peak. The
numbers in parentheses indicate the number of layers of a particular material.

effective energy of the vibrator, Eqs o f gN/i+1)/2 V[.zjdj, would contribute

to drive the displacement of the metal (Q,.......)- Here, the vibrator-
plasmon coupling efficiency for the ith vibrlator (p; € [0, 1]) canbe

written as p; = [(f&'w”l)/z ijdj) / (f'IVVindj)] 2, Accordingly, we have
IMRs, shear mode p,z Zj Vl?j
sity profile of each mode is consistent with our theoretical model
(Fig.2d).Moreillustrations of atomic displacements and the full set of
phononwavefunction plots are provided in Supplementary Figs. 8 and
9. As can be seen, MRS is a natural tool for the investigation of
picometre-scale displacements. In the following we make a few more
quantitative estimations of the capacity of MRS. As shown in Supple-
mentary Table 2, taking the v, mode as an example, the equivalent
displacement that drives the plasmonic metalinthe v, modein16LGis
~1.4 pm, and this value for Q. ... Will be orders of size smaller because
of the much larger mass of the metal nanostructures, suggesting that
MRS is an ultrasensitive tool for dynamical sensing of subpicometre
displacements.

The most prominent feature of MRS is its thermal-noise-free
nature, whichisarare advantagein the observationand manipulation
of basic physical effects and spectroscopic applications®. We con-
ducted temperature-dependent and power-dependent experiments
for optical spectral vibration detection and MRS (Fig. 3 and Supple-
mentary Fig.10). For temperature-dependent experiments, shownin
Fig.3b, the ratio of anti-Stokes and Stokes emissions (/,¢//;) for the entire
temperaturerange of 77-477 K remains constant (-1). However, accord-
ingto the Bose-Einstein distribution® (thatis, I,s/fs = exp (—hv;/kg T),
we should observe an /,¢/Is value of 0.82 at 77K for the v, mode
(10.4 cm™). Temperature-dependent /,¢//; profiles of shear mode v, in
afolded 2LG and first-order Simode are also provided, and are consist-

2
|fELOC,O (r) dr| .The experimental MRS inten-

ent with the Bose-Einstein distribution (Supplementary
Fig. 11). The distinct temperature profile of /,5/Is in MRS suggests a
thermal-independent excited-to-ground-state distribution. Mean-
while, on carefully analysing the full-width at half-maximum (FWHM)
of the MRS signals, we found that the MRS signal of the v, mode
of 13LG remains at -2 cm™ and shows zero thermal broadening, in stark
difference to control experiments on the first-order Si mode,
which broadens from 2.7 cm™at 77 K to 4.8 cm™ at 477 K. Moreover,
we noticed that the FWHM for the MRS signal v; decreases with
increasinglayer thickness (Fig.2a), whichis due toadecreased damping
term (/3,). Similar to a first-order Raman process, in accordance

ox 2p2Q2

met, tot mech

2
with / « ‘ |fEL0C,0 (r)dr| , we have found a linear

power-dependence of the MRS intensity, which is proportional to
2
|/ELoco (r)dr| (Supplementary Fig. 10). These distinct behaviours

suggest a different mechanism of light-matter interaction between
MRS and optical Raman detection, where all the characteristicsin MRS
are associated with the classical mechanical frame. The abovemen-
tioned features guarantee MRS as a powerful toolin various detection
scenarios, with no accompanying thermal noise or spectral drift.
Phonons propagate wellinmaterials. To further explore the inter-
facial propagating behaviour and the capacity for the detection of
hiddeninterfaces, we carried out MRS investigations on a series of com-
posite lattice vibrators, thatis, layered heterostructures prepared via
thealigned-transfer method?. As shownin Fig. 4a, we first focus on how
the ductility® * of the uppermost atomic layer affects mechano-Raman
scattering generation. Interestingly, by comparing the MRS measure-
ments of 1L-MoS, on 6LG and 1LG on 3L-MoS,, we found that a more
rigid structure®®” (for example, 1L-MoS,) will maintain the long-range
propagation of phonon vibrations, whereas a ductile one (such as
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1LG) is found to be able to buffer the shear force and hinder the MRS
process’®. This suggests that monolayer grapheneis a perfect vibration
isolator that could be utilized for high-temperature scanning tunnel-
ling microscopy to avoid vibrational noise from a graphite substrate.
Itshould be noted that thereis noshear phononin1LG or1L-MoS,. The
pvaluesfor the under-layered heterostructures for the former system
are close to 0. This property makes MRS an extraordinarily sensitive
tool for analysing the surface and interfacial states of crystals. For
compositelattice vibrators (Fig. 4b), the MRS signal of ahomojunction
(thatis, a folded-10LG sample) shows exactly the same MRS features
as20LG, which means thatall atomiclayersin ahomojunctionvibrate
as awhole, essentially as a result of having the same interlayer force
constant. Unlike the folded-NLG, which presents emergent vy, ,_;modes
enhanced by a twist-induced van Hove singularity resonance in optical
Ramanscattering®, folded-NLG in MRS exhibits the overall scattering
properties of 2NLG with all v,y ,y_; modes that do not depend on the
twistangle. Onthe other hand, ina3L-MoS,/4L-WSe, vibrator, besides
the characteristic MRS features (v;) of 3L-MoS,, we observed clear MRS
features (v,) of the underlying 4L-WSe, (Supplementary Fig. 12). This
intriguing featureisinaccordance with the propagation behaviour of
a mechanical wave, which suggests the capability of MRS for remote
detection of hidden interfaces.

In this Article we have presented an MRS technique that is a par-
ticularly powerful tool for the global characterization of mechanical
effects in interfacial interactions. We have unambiguously demon-
strated that the quantum features of phonon vibrators can be passed
ontothe plasmonic metal. This kind of quantum-state transfer between
nanoscale objects will open up various unforeseen applications in
quantum mechanics and quantum optics®*°. Furthermore, because
of its physical nature, MRS is a general process that can couple with a
range of mechanical and acoustic vibrators, as well as phononsin con-
densed matter that have net translation displacements. Finally, MRS is
alsoauniversal and convenient approach for mechanical modulation
ofthe wavelength of light with avibrator, providing ultimate-accuracy
wavelength control with broadband compatibility.
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Methods

Sample preparation

Kish graphite (Covalent Materials Corp.), MoS, and WSe, crystals (HQ
graphene), and h-BN crystal (2D semiconductors) were used for the
preparation of mono-componentlattice vibrators on SiO,/Si substrates
viathe mechanical exfoliation method*. Multi-component lattice vibra-
tors were fabricated via the dry-process aligned-transfer method with
theaid of polydimethylsiloxane films (Gel-Pak)*. Undopedsilicon wafers
were chosen foraminimum scattering background inthe low-frequency
region. Plasmonic-active Ag/Au nanoisland films were directly prepared
ontop of lattice vibrators by the vacuum thermal-evaporation method
(8-nm Au or 5-nm Ag films were deposited at a rate of 0.3-0.5A s™).
According to our investigations, the as-prepared plasmonic metal
films or nanoisland films, after an additional annealing procedure in
areductive atmosphere (Ar:H,=1:1at 200 °C for 120 min), are both
MRS-active under the present measurement conditions*. Fabrication
of the size-controlled nanodisk arrays was realized by electron-beam
lithography. Poly methyl methacrylate (PMMA, MicroChem) resist
was spin-coated on the sample (2,000 r.p.m., 60 s) and then baked
at 180 °C for 1.5 min. The nanodisk patterns were written directly on
the PMMA resist on top of graphite using a scanning electron micro-
scope equipped with an electron-beam lithography module (TESCAN
MIRA3). The exposed chips were immersed in an MIBK:IPA (3:1) mixed
solution for 30 s to finalize development, then a 30-nm Ag film was
deposited without any adhesion layer by vacuum thermal evapora-
tion. Subsequently, the chips were immersed in acetone to remove
the PMMA template. The samples with Ag nanodisks were rinsed with
isopropyl alcohol (IPA) and then dried with a nitrogen-gas flow before
spectroscopic measurements.

Micro-areareflectance spectroscopy

We used a confocal micro-Raman spectrometer (Horiba-LabRAM
HR Evolution) with a 600-lines-per-mm grating for the micro-area
reflectance measurements. The system covers a spectral range of
300-1,700 nm and has a spatial resolution below 4 pm. Using a halogen
lamp as the white-light source, the reflectance spectra of asample (R)
and SiO,/Si substrate (R,) were collected, then the final micro-area
reflectance spectra (AR/R,) were obtained according to (R - Ry)/R,
(Supplementary Fig. 7).

Ultralow-frequency Raman spectroscopy

We used the same confocal micro-Raman spectrometer toimplement
measurements of the ultralow-frequency Raman spectra. For both
532-nm (2.33 eV) and 633-nm (1.96 eV) excitation, we used multiple
BragGrate notch filters (BNFs, each with an FWHM of -5-10 cm™) to
remove plasmalines and to cut offthe Rayleigh scattering background.
The optical path was optimized with L-cystine standard samples, pro-
viding a low-frequency measurement limit of -4 cm™. A 1,800-
lines-per-mm grating was used to provide a spectral resolution of
~0.31 cm™ The z (xy) zpolarizer configuration was used to suppress the
background signal'. The laser power could be tuned by a series of
neutral density filters (Thorlabs).

Allspectral measurements were conducted with a x100 objective
lens (Olympus, numerical aperture 0.90) under ambient conditions, if
nototherwise noted. Theinsitutemperature-dependent MRS measure-
ments were conducted in a liquid-nitrogen continuous-flow cryostat
(Cryo Industry of American), and a X100 objective with correction

collar (Leica, numerical aperture 0.85) was used for calibration of the
spherical aberration after passing an optical window. The spectrometer
was calibrated before each set of measurements using astandard neon
lamp. All spectra are reported without smoothing.

Data availability

The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable
request. Source data are provided with this paper.
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