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Raman Spectroscopy of Shear and Layer Breathing Modes in
Ultra-thin Layered Materials
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Abstract: We integrated four notch filters made from volume Bragg grating into single-stage Ra-
man spectrometer and successfully probed the shear (C) modes and layer breathing modes (LBMs)
for 2-19 layer MoS.. The results obtained from symmetry analysis and polarization measurements
allow one to assign all the measured Raman modes. A' monatomic chain model” (MCM) for the C
mode and LBM was built with an analytic expression, which can be applicable to any layered mate-
rials. It is found that the weak interlayer van der Waals forces dominate the frequency evolution of
shear and layer breathing modes on the layer number of ultra-thin layered materials. We further ex-
tend our model to ABC-stacked multilayer graphenes. AB-stacked and ABC-stacked multilayer gra-
phenes cannot be well-distinguished by optical contrast, however the disappearance of the shear
mode in experimental measurements gives an evidence of the ABC-stacking for measured multilay-
er graphenes. This allows a new and reliable diagnostic of thickness for two-dimensional layered
materials, which lays the foundation for researches in their fundamental properties and device ap-
plications.
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Fig.1 (a) Lattice structure and monoatomic linear chain models of 2L- and 3L-MoS,. (b) C

modes and (c) LBMs in 2L- and 3L-MoS.. The symbol under each mode is its irreduc-

ible representation. R or IR indicates if the mode is Raman, or infrared active, or

both. The theoretical results based on the monoatomic chain model are also indicated
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Fig.2 (a) Raman spectra of 5L- and 6L-MoS, measured for XX and YX polarizations. (b)

Selected Stokes Raman spectra of multilayer MoS, from 1 tol9 layer and bulk.
Dashed and dotted lines are guides to the eye. Positions of C modes (c) and LBMs (d)
as a function of N. The open circles are the experimental data. The diameter of the
circles represents the Raman intensity of each mode. The black solid and gray
dashed lines in (c) and (d) are, respectively, fitted by formulas based on monatomic

chain model
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