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Fig. 1. (a) Top view and side view of 3R-phase MoS,; (b) six phonon modes of monolayer MoS,, peak positions in ¢cm !; Raman

spectra of (c¢) 2H-phase and (d) 3R-phase MoS, for monolayer, trilayer, and bulk.
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Fig. 2. SHG responses of 1-3 layer (a) 2H-phase and (b) 3R-phase MoS,; polarization-dependent SHG polar plots of trilayer (c¢) 2H-

phase and (d) 3R-phase MoS,.
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Fig. 3. (a) Low-frequency Raman spectra of 2-5 layer 2H- and 3R-phase MoS, under parallel polarization; (b) linear chain model;

fitting results of low-frequency peaks for (c) 2H-phase and (d) 3R-phase MoS, using the linear chain model; (e) force constant model;

fitting results of low-frequency peaks for (f) 2H-phase and (g) 3R-phase MoS, using the force constant model.
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R 1 MoS, K RIRAEA AR AT LR | SLE I TR BIE TR

Table 1.  Summary of the force constant values for 3R phase MoS,.

Phase Irr. rep. Exp. LDA LDA Exp. Irr. rep. Phase

En (D) — 0 0 — A; (I+R)
Aoy (1) — 0 0 — E (I+R)
E2 (R) 33.29487 35.686900 34.037372 — E (I+R)
Big — 57.941155 34.037596 — E (I+R)
Eay — 285.155367 48.724024 — A (I4+R)
Eig(R) — 287.775743 48.724325 — A (I4+R)
A F2g (R) 384.917714 384.976788 285.957612 — E (I+R)
E1 (D) — 385.716750 285.958139 — E (I+R)
Bay — 404.033206 290.072680 — E (I+R)

A1g(R) 409.04906 408.106024 385.242202 383.66260 E (I+R) o
Agy (T) — 465.182502 386.741898 — E (I4+R)
By — 468.960303 386.742311 — E (I+R)
E'(I+R) — 0 405.420245 — A (I+R)
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Fig. 4. (a) Differential charge density maps of bilayer 3R-phase (left) and 2H-phase (right) MoS,. Top and side views of trilayer
(b) 3R-phase and (c) 2H-phase MoS,. Bond polarization analysis of trilayer (d) 3R-phase and (e) 2H-phase MoS,, where dashed
Soi—1, Mo; , and So; represent the S, Mo, and S atoms in the

lines denote upward bonds and solid lines denote downward bonds.

ith layer from top to bottom, respectively.
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Fig. 6. (a), (b) High-frequency peak positions of 2H-phase and 3R-phase MoS,, together with their peak differences; (c), (d) the fit-
ting of high-frequency peak positions using the force constant model with surface effects included, where the peak differences are ob-

tained from the calculated bulk frequencies.

XFF N JZ MoS, R F, i X Gk 24 A5 PN, S BORCRTE BT B R AL 53—
TR Kovtos, — BB, XJ 0L S5 K A2 3 RT3 ) 7T, JEEO M2 S EUR R AR EAE AT, (575
PRI, B TR0, R m R T T A L S ST AE /], BRI, X2 S5 LR

226301-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 74, No. 22 (2025)

226301

PR AN 9 58 4 2 (] e 1 v R 6 1) J2 R
AT, TERIB RN (U0 By 5 ERY) Hh, &
T 50 L 368 ot 0 SR P A o A T S
(Un Ayg 5 Ay 852) v JEERERI0N I Sy dl 25 114,

XFT N ZAEL, AN Y 7 08
WA FES 1R NIZ5IARZE MoS, 1 1 # 4L
s, B 6(c) ME 6(d) Bn T 2H 45 3R M
MoS, P> F ZAFIE W R 2 BUE A L. X L4
RATLVR B, e IBRMAN ), 3R AHIHELA 2k
IR G R . X R, R AU TE
3R AHH MoS, F e M 75 R 4L r ke 21 57 A O S A R
. BT RETE T 3R HEH T T 2 MFE A 559,
e 45 2 T )23 00 8 R iR 3 47 Sy 19 52 T B8 i 2
I, G G SRTH AN 5 E X TS B A 3R AH
MoS, F s AT S WA for i fb HL A E 2 3L

o

g

4 i

AKLRGWST 3R A MoS, FFi & 75 T
Ji, 5 20 AT T ARG He. B ad B s i S
Yok A LR RERRL | ) H RO R R R AL Y 4>
B R TASFMESE AR SR | AR Ak S i

&l A1

O ©O ©

5
A

FEEREME 25, S5 R, ORI HRRES
ARUX ST HEGAR, T8 BT AU B T 2 AR
7 T AT B R AR B, TR AR TR ) 5 B
T T HEPRGE MR 2 5 B A 52 . e, R A A
ZEAE 3R AH TP ZEC LT I AgURR, T B T R AL
I AE LR FAT R I SR E . X S R B 3
fift FJETE 3R AH MoS, i 4 B F2 44 T i 4
1, WRRAEA B E AR 'R i R
PEOE T H B, Aok, MR LR R R
GG AR 3 ) B, Bl ane g L AR
FE AR T 7 T g, LA SO PRI -
DB AAB 7R B AR 75 7 AL S5 RE R st gL, A
] B4 T M L% 3R A MoS, B T4, IF N H
TERTJEIEC AR | PR T4 LU R T IR R
HH A R R A B R S g B 5 S G LR

fif % A

AR RFIEAR SR g 05 6 02 S R R RANA T
R OE DAy SN B S b P/ W G EV VA
FBOERE. AR A 1R BEECS Z [RIB A BT A 1,
I HATI AN, il R BOE M RERR, T ORIES s R A
FEAEER . X T YUK 3R A MoS, IALEESE R 3, 132145

3R Al MoS, i 18 Ffi /5 T4, Wi 2R il em ! Sy B f3f

Fig. Al. The 18 phonon modes of 3R-phase MoS,, with peak positions given in cm .
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Layer-dependent Raman spectroscopy study of
3R-phase MoS,"
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Abstract

Layered transition metal dichalcogenides (TMDs) have aroused extensive interest due to their remarkable
electronic, optical, and mechanical properties. Among them, molybdenum disulfide (MoS,) exhibits two main
stacking polytypes: the centrosymmetric 2H phase and the non-centrosymmetric 3R phase. The latter has
recently received attention due to its spontaneous polarization, piezoelectricity, band modulation, and possible
topological features, but its lattice dynamics and phonon-related properties are still poorly understood. To
address this gap, in this work, we comprehensively study the layer-dependent Raman phonon characteristics of
3R-phase MoS, and systematically compare them with those of the 2H phase.

Experimentally, we employ confocal Raman spectroscopy and polarization-resolved second-harmonic
generation (SHG) to probe vibrational modes and stacking-dependent nonlinear responses of samples ranging
from monolayer to bulk. The SHG measurements provide a clear method for distinguishing stacking orders:
although the SHG signals disappear in even-layer 2H samples due to inversion symmetry, they strongly exist in
3R samples of any thickness. The Raman spectra in the low-frequency region reveal different shear and
breathing modes, and the evolution of these modes with layer number is analyzed using a linear chain model
(LCM) and a more refined force constant model (FCM). Although the LCM qualitatively captures the layer-
dependent shifts of interlayer vibrations, the FCM provides quantitative agreement with experiments by
explicitly combining the nearest neighbors and the next-nearest-neighbor interactions as well as surface
corrections.

To further explain the relative intensities of interlayer Raman modes, we introduce the bond polarization
model (BPM), which links mode-dependent scattering strength to the symmetry and orientation of chemical
bonds. Our BPM analysis reveals the pronounced asymmetry in charge redistribution for 3R stacking, leading
to weaker interlayer binding energy than 2H (0.111 eV ws. 0.113 V), and consequently a lower sliding barrier,
which is consistent with the observed propensity of 3R crystals for interlayer slip. In the high-frequency region,
both stacking types show characteristic in-plane and out-of-plane modes. However, the peak separation in 3R-
phase MoS, demonstrates stronger sensitivity to the layer number, making it a more reliable spectroscopic
fingerprint for thickness identification. Importantly, it is found that surface effects play a critical role in
reproducing experimental high-frequency shifts in 3R samples, reflecting their weaker interlayer coupling and

enhanced surface contributions.
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In summary, this work establishes a complete picture of the phonon behavior in 3R-phase MoS,, effectively
bridging experiment and theory. Our results indicate that Raman spectroscopy combined with SHG provides a
powerful toolkit for identifying stacking order and thickness in layered MoS,. By benchmarking LCM, FCM,
and BPM models, we clarify the roles of interlayer coupling, stacking symmetry, and surface effects in shaping
vibrational properties. These insights not only deepen the fundamental understanding of lattice dynamics of
non-centrosymmetric TMD polytypes, but also lay the foundation for the development of 3R-phase MoS, in

next-generation optoelectronic, piezoelectric, and quantum devices.

Keywords: 3R-phase MoS,, linear chain model, force constant model, bond polarization model
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