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Fig. 1. Davydov components of A-mode in intrinsic MoS,: (a) Schematic diagram of atomic displacements for all the Davydov com-

ponents of A-mode in 1-4L TMDs; (b) differential reflectance spectra of intrinsic 1-4LM; (c) low-frequency modes of intrinsic

1-4LM; (d) failure to observe all the Davydov components of A-mode in intrinsic 1-4LM.

206301-3


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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 20 (2025) 206301

SR, Y ARERE Ex = 1.96 eV 5 A 5
A, 1—ALM A Gl 18 3 AT OGS R R AR
JIrE Davydov 4143 (K 1(d) 3 a5 X 38) $ir
2. X FEIFETF MoS, H i E 1) BFEM. 7E7
AR, St ol 4 3 K/ 4k
(A ISR T, (i A5 2R oK BE R B 2L, ¥
SO0 L A5 0 2 U B AR 2 DR S o R BELZE T
AL, T & H 55 T Davydov 4143 147 2 5
JE. BFE fE512 MoS, ot hiel, F2m FHE
FEHT R R 45 A AR 7T Sk = A A5 A A ) F3C S 1
N F RIET K #ME1S BFE 2o 2. A4
L2, 222 MoS, BRI B e 45 14 4t i A5
A BRI AT 38 A A RIS St R, 0 43I i BT
FIEHR B2 B AR SR, XA B DL ek E
/DJE MoS, Frfi Davydov 2H 43 19 3L 4R 7 2 BT %
2, BFE B 5% 42 52 W 475 S8 J2& HmT ULl 5 iy 32 22 FR
il R 2L (EA R, BMEAEARIR (77 K) & 1F
T, AAED R MoS, 38R To ik LB A Davydov
2 43 00 [] 28 UL 3 Y5 R 7 T8 1) AR A B o
1) BFE (W3R A% . R 2 Re i/ N0+ iy
A5, AEAERF AT B = = R LS SR ORI, &
3 BFE X AR S 5o B2 10 40 i AKOR I 2 A7 e 1
2) P& BEPEE W B 29 5. AIGIR JC VL o 1 R A
SUREXTRRYE, PRI HAT LT ME PR hr 2 25k
P 2 A AT SR TC Ik WO an#b FE MR IE ST
(online) 7R, £ 77 K AIRIRIFEE T, AME)ZE MoS,
HAL AT 43 B R4 Davydov 4143 (6il4n 2LM H{Y
BR—ANAY, T 3—ALM FPUHBLFIAN44Y), 6
LN 2 5 2B VCE 19 FTE Davydov 4145 I
Hb, i BRI OB R G i — PR T
Davydov 443 W55 Fr 215 5. Lk HE A IL[H
VR4S 7E 2 0 T 3 5y 3 iR T B[R] s U] 1)
AAE MoS, /' A BT Davydov 2H 43 7 2 i
M EFR .

32 MoS,/AZ=kRBENERRBES
hI S 1L EHLF

A SCHE M T R R MoS,/ A 884 5 5 45
(nLM/mLG) KSR T[RRI MoS, Hr A #
JItA Davydov 20531775 1% T3 ¥R IO AE T8
A 5 G L 5 R LR T 45 A A TR B 1 R ok
F L e A B S At 4, e R T AR
i, A 30 22 i BFE B0 AR & BU i1z, #
TSR L S ORI . BRA ZUE BFE b, nLM/

mLG 5 Ji 45 A R JR B 2 B AL 1) MosS,
5 BRI Ly 22 1) ) R R A e B B RIS B TR K
WO 5, BB ETH RSB Davydov 453
P T; 2) AR R RHEREN Oy, TR
RATAFIRE N T = A+ E, WA IR
PR R, DTS FEAAE MoS, Hh g2k
HIIRLE Davydov 2147

R S UE S SRS v A 10 B 2 AU A ] A
TR A BT i, AR SCHE C ¥ 4R OE T X% nLM/
mLG ¥ i AT T8 B 2ot PO ) ik
(F 2(a)). B OGE T CRTUREGE T 5 5025
nLM S5 B2 n. nLM Y C BEUR 5 AERE i
JUTF—8, FH C BT nLM B2 NS, A&
S B A A W B VIR A, ARG A
PN e CRTI DAD S i ER N NN AT
nLM J85 2508 M R TE. AHELZ R, LB At
B3 T (%) ST o BEBBURR. 7R S b v, g |
1 S ] A RS S R AE: 1) BT Y
LB#L, 41 2LM/ALG(A ZE N=n+m=6) T
LBg 4 155, M 43.4 em™!; 2) JfiA7 LB BRI K
A=A, B 3LM/4LG H1 LBy 6 #4F 21.8 em ™!,
BORAE 3LM P LBy HiF% 1 5.9 em™* | - HBUBTHY
LB7 5 #%; ALM/4LG "' LBg 7 #5440 F 16.8 em ™!, 48
AAE ALM LBy % T 4.2 eom ™t . BURAY AL
B nLM B3 208 s, 50 RJR M i b
BEARSE LB 88 2 8] 451 4 22 T /N JLAE — B0
LB B BUIESE T S5 b HAT AR i ) AL R &
i 454G mLG X LB B (%) 8 il R 161, AT 4
Witk S5 2 mLG A )25 4 )2 (4LG). 8
REENE, AXG % ALG W R s, £%
TR = mE %S, 1) e £
#FE M RHE S2(a) (online) 7, #H H T 2LM/
1LG A W 8E 3] — A W 45 LBy v_q, 2LM/
ALG 5 Ji 45 o R A n] %2 3 O AR LBy v
o AT 3 IR ) A2 T 43.4 em Ak F S IR IR A
LBy, N2 . ZRTIFIRASE Y 1 B A S B 45 WA B 73 22 )
T2 B e o ST A S TR B A T R
2) P 2 W R AE M b SEA AL S2(b) (online)
fiEs, W IR A (1.96 V) F, BZ B E A
S A BB LA AR R S i RO , 4R
T+ TMDs $7 2 15 S5 . 3) WUk &1k BIER
ALG TEFA A R h T A S e e ) WL T
JE A B, PR TSGR ) Rl A M S R T
SEPE.

206301-4


https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250960
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250960
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250960
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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 20 (2025) 206301

(a) nLM/4LG, N=n+4 (b) (c)

Eox =2.54 eV Eoc =1.96 eV

1L.M

3LM/4LG

3LM/4LG X2 “ x50
X1

3LM X 2

2LM/4LG 2LM/4LG x1 A X 50
2LM 2LM x1 x1
2tM N e <
1ILM/4LG
1LM/4LG / M )\ % 50
X2 x1

LM (LM pon Pen 2

Intensity /arb. units
Intensity /arb. units
Intensity /arb. units

G
4LM/4LG 4LM/4Ly\__/V\/\X_2 )\ % 50 LM
i Sz

1LM

20 40 60 360 400

Raman shift/cm~1! Raman shift/cm~!

1560 1680 600
Wavelength /nm K Q r K Q r

(d1) 1LM (e1) nLM
Eo=233eV] | 1
Y\ \/
4LM/4LG
3LM/4LG . /\
' /N
K Q T K Q T
2LM/4LG
(d2) 1LM/4LG (62) nLM/4LG
W\ \/\ /
\/ \/ A
1LM/ALG -
....... A A /\
g0 1000 K /\ K,

Kl 2 MoS,/f S84 5 B 45 102 S A S h SR bl (a) (KM nLM/4LG vs. A&AE nLM; (b) BB nLM/ALG vs. A1 n

LM; (c) PLi%: nLM/4LG vs. A fiE nLM. — B 4 2 38 58 ML
nLM, n > 2

(d1), (d2) ILM/4LG wvs. A&AiF 1LM; (el), (e2) nLM/4LG wvs. A AiF

Fig. 2. Interlayer coupling and Raman enhancement mechanism in MoS,/Gr heterostructures: (a) Low-frequency modes: nLM/4LG
vs. intrinsic nLM; (b) high-frequency modes: nLM/4LG vs. intrinsic nLM; (c¢) PL spectra: nLM/4LG ws. intrinsic nLM. Mechani-
sm of first-order Raman enhancement: (d1), (d2) 1LM/4LG vs. intrinsic 1LM; (el), (e2) nLM/4LG wvs. intrinsic nLM, n > 2.
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Abstract

A comprehensive van der Waals heterostructure strategy has been implemented to be able to observe all
Davydov components of the A-mode in few-layer transition-metal dichalcogenides (TMDs) at room
temperature. In few-layer 2H-TMDs such as MoS,, MoSe,, and WS,, the A-mode phonon splits into N Davydov
components that directly reflect the interlayer coupling strength and layer number. Under the resonance
conditions near the band edge, however, strong photoluminescence (PL) and band filling effects severely obscure
these Raman signals, particularly for infrared-active modes, rendering the observation of all the Davydov
components at ambient temperature infeasible. In this work, few-layer (1-4 layers) TMD flakes are mechanically
exfoliated and dry-transferred onto four-layer graphene, followed by high-vacuum annealing to improve the
interfacial coupling quality. Ultralow-frequency Raman spectra of interlayer shear and breathing modes provide
an unambiguous fingerprint for determining the layer numbers of both TMDs and graphene constituents, while
differential reflectance spectra precisely determine the resonance energies of excitons.

Under resonance excitation with the A-exciton, the heterostructures exhibit a marked enhancement of A-
mode Raman intensity accompanied by strong PL quenching. Raman peaks associated with all the Davydov
components are simultaneously resolved for MoS,, MoSe,, and WS, at room temperature. The activation of all
the Davydov components arises from three synergistic mechanisms: 1) symmetry breaking at the
TMDs/graphene interface, which renders the forbidden components Raman-allowed; 2) interfacial charge
transfer, which suppresses the PL background by depleting photoexcited carriers entering into graphene; and 3)
efficient nonradiative relaxation pathways provided by graphene, which mitigates the band filling effect and
restore resonant Raman scattering. Furthermore, the highest-frequency Davydov component A(1) exhibits an
overall blue shift in the heterostructure relative to the intrinsic TMDs, with the magnitude of the shift
decreasing as the layer number increases. This behavior can be explained by a diatomic linear-chain model in
which interfacial van der Waals coupling enhances the force constants of intralayer vibrations.

This work thus establishes a general platform for Raman analysis of all the Davydov components of the A
mode in two-dimensional (2D) TMDs at room temperature and elucidates how interface coupling, layer number,
and symmetry breaking jointly govern phonon behavior. The approach offers valuable insights into phonon
engineering and interface design in 2D heterostructures and may readily be extended to relevant systems such

as WSe, and ReS,.

Keywords: Davydov components, heterostructures, transition metal dichalcogenides, interlayer coupling,

Raman spectroscopy
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Fig. S1. Resonance Raman spectra of intrinsic 1-4L. MoS2 at low temperature (77 K).
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Fig. S2. Interlayer coupling and Raman enhancement in 2L MoSs/Gr heterostructures
(a) Low-frequency Raman spectra of intrinsic 2LM and 2LM/1-4LG; (b) Resonance Raman
spectra of the A-mode in 2LM/1—4LG.
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