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Characterizing second-order Raman modes in monolayer MoSe,
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Sixteen second-order Raman modes of monolayer MoSe, are observed and analyzed by experiment and cal-
culation, respectively, for four laser energies from 2.33-2.60 eV. The Raman peaks labeled by P; (i = 1, 2, 3, 4)
at 280-320cm™! and S; (i = 1, 2, 3) at 400-480 cm ™' are newly analyzed quantitatively by the first-principles
calculation using QR2-CODE. The P; bands are assigned to the second-order combination modes of TA (LA)
and E7, (E[ ), while the S; bands are assigned to the 2L A mode with different phonon wave vectors, which is
explained by the combination of two-phonon density of states and electron-phonon coupling calculations. The
overlapped Raman peak of the first-order mode E’ and the second-order mode S; can be identified separately
using helicity-dependent Raman spectroscopy. The mode assignments are further confirmed by space-group

analysis and helicity-dependent selection rule.
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I. INTRODUCTION

Raman spectroscopy is a versatile technique for the fast,
noninvasive, and highly sensitive characterization of the
structure and physical properties of two-dimensional (2D)
materials [1-5]. In particular, second-order double resonance
Raman (DRR) modes, which involve two non-zone-centered
phonons with wave vectors of ¢ and —q [6,7], are widely
observed in transition-metal dichalcogenides (TMDs) [8—-16].
In the case of 2D semiconductors, since the flat elec-
tronic energy bands lead to a large electronic density of
states, the DRR peaks can be seen clearly compared with
three-dimensional semiconductors. Thus, the analysis of two-
phonon double resonance Raman spectra can be analyzed
quantitatively for 2D materials. DRR spectroscopy serves as a
sensitive probe for defects in monolayer MoS, [17,18], con-
firms monolayer thickness in WS, by 2LA [19], and detects
the quality of MoSe, monolayer samples grown by chem-
ical vapor deposition (CVD) [14]. Furthermore, intervalley
phonon scattering critically governs valley depolarization in
TMDs-based valleytronics [12,20], while the softening of
second-order modes directly evidences the charge-density-
wave (CDW) phase transition in NbSe, [21]. For monolayer
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MoSe,, the Raman intensities of the DRR modes are
comparable to or even higher than those of the first-order
Raman modes [10,22], providing an ideal platform for study-
ing DRR modes and their underlying physics. Quantitative
assignment of DRR modes that is compared with the single
resonance Raman (SRR) modes is fundamental for interpret-
ing Raman spectral profiles, elucidating electronic transitions,
phonon symmetries, and the electron-phonon coupling (EPC)
behind the spectra.

However, precise assignment of DRR modes for mono-
layer MoSe, remains controversial in the literature [13-15].
The controversy is caused by the difficulty of assigning DRR
mode because the symmetry of each phonon wave vector
g in the Brillouin zone (BZ) can be different. Furthermore,
TMDs exhibit a relatively narrow frequency range in phonon
dispersion and a flat phonon band compared with other 2D
materials such as graphene, further complicating DRR mode
assignment. Resolving this assignment controversy is there-
fore crucial for advancing our understanding of the DRR
process by evaluating quantitative contribution of possible
two-phonon pairs, which motivates this work.

To achieve a precise assignment of DRR modes for TMDs,
numerous valuable studies and theoretical frameworks have
been proposed; however, a consensus on the assignment of
DRR modes has not been reached. Soubelet et al. [13] and
Bilgin et al. [14] assigned all non-first-order Raman bands
of monolayer MoSe; to the nth (n = 2, 3, 4)-order modes of
M point, solely relying on the frequency relationship of the
phonon dispersion. In particular, the peaks above 400 cm™!

©2025 American Physical Society
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were assigned to the third- or fourth-order modes. In contrast,
Sotgiu et al. [15] proposed the second-order nature for the
Raman bands at high wave number (550-620 cm™!) in bulk
MoSe; using the two-phonon density of states (2phDOS) [23].
However, they have a limitation for mode assignments from
all possible two-phonon modes in the calculation of 2phDOS.
Moreover, these two methods do not provide the Raman scat-
tering amplitude, phonon symmetry, and selection rule. To
address these limitations, Huang et al. [24,25] developed a
theoretical framework and computational QR2-CODE based on
first-principles calculations for quantitatively assigning and
analyzing DRR modes, which has been applied in various
2D materials including graphene [26], MoTe, [24], MoS,
[27,28], MoSSe [29], ReS; [30], etc. Furthermore, combining
with first-principles calculation and group-theory analysis,
Liu et al. [16] established the helicity selection rule of DRR
modes in monolayer MoSe, with optical phonon branches
involved.

However, since the previous version of QR2-CODE calcu-
lates SRR and DRR spectra separately without normalization
of the intensities, we can not compare the SRR and DRR
intensities at the same time. When first-order and second-
order Raman modes juxtapose in frequency, especially in
the low-frequency region with acoustic phonon branches in-
volved, it becomes difficult to distinguish their individual
contribution and to separate the corresponding selection rules.
This situation has happened in MoSe,. Here, we introduce a
renormalized intensity for both first- and second-order spec-
tra, allowing a simultaneous analysis of overlapped modes and
direct reproduction of the experimental spectra that consist of
SRR and DRR spectra.

In this paper, we adopt monolayer MoSe, for analyzing
16 DRR modes that are observed by four laser energies
2.33-2.60 eV, which are resonant with the C exciton at
~2.50eV [31]. Then, using the updated QR2-CODE [24,25], we
successfully reproduce experimental spectra, incorporating
both first- and second-order modes. We provide quantitative
phonon mode assignments for all observed Raman spectra
by Raman intensity as a function of phonon wave vector ¢
in the BZ. In particular, the S;—S; bands at 280-320 cm™!
are assigned to 2LA from different g. The overlapped Raman
peak at ~290 cm ™! is assigned as a superposition of first-order
mode E’ and second-order mode S;. Space-group theory anal-
ysis [32-34] and selection rule of helicity-dependent Raman
spectra confirm the symmetry of the DRR modes.

II. METHODS

A. Experimental method

The monolayer MoSe, sample was mechanically exfoli-
ated from bulk crystals onto polydimethylsiloxane (PDMS)
substrates and subsequently dry transferred onto SiO, /Si sub-
strates. Raman spectroscopy measurements were performed in
a backscattering geometry using two micro-Raman systems:
a Jobin-Yvon HR800 and a LabRAM HR Evolution (Horiba
Scientific), both equipped with 2400 grooves/mm gratings
and liquid-nitrogen-cooled charge-coupled device (CCD) de-
tectors. For room temperature characterization, the spectra
were acquired through a 100x objective (numerical aper-
ture, NA = 0.90) under ambient conditions. Low-temperature

measurements were conducted using a closed-cycle cryostat
system (attoDRY 800, Attocube Systems AG) with the sample
cooled to 4 K. In this configuration, a high-NA objective
(NA = 0.82) was employed to optimize signal collection effi-
ciency at cryogenic temperatures. The excitation energies are
Ep =2.33eV (532nm) from a diode-pumped solid-state
laser, 2.41eV (514nm), 2.54eV (488nm), and 2.60eV
(477nm) from an Ar™ laser. The resolutions of the Raman
system of these excitation energies are 0.27, 0.33, 0.36, and
0.44cm™! per charge-coupled device (CCD) pixel, respec-
tively.

B. Computational method

All the electronic band structures and the phonon dis-
persion of MoSe, were calculated with the local density
approximation (LDA) using QUANTUM ESPRESSO package
[35]. We used relativistic norm-conserving pseudopotentials
derived from an atomic Dirac-like equation [36] and a 160
Ry kinetic energy cutoff to carry out the calculation. The
interlayer interaction of monolayer MoSe, was eliminated
by maintaining a thick vacuum layer of 25 A in a unit cell.
The atomic structure was fully relaxed until the atomic force
was less than 1075 Ry/Bohr. The 18 x 18 x 1 k grid and
9 x 9 x 1 ¢q grid Monkhorst-Pack meshes were used to sample
the BZ for the calculation of electronic band structures and
the phonon dispersion, respectively. Electronic structure and
phonon dispersion relation were also calculated using DS-PAW
software integrated in the DEVICE STUDIO program [37].

Then, using Wannier interpolation schemes as imple-
mented in the EPW code [38,39], the EPC matrix elements
for each phonon mode were obtained on a fine grid of
54 x 54 x 1 k mesh and ¢ mesh in the BZ, which is dense
enough to achieve converged results. Finally, the Raman
spectra under the same polarization configurations as the ex-
periment were calculated using QR?>-CODE [25]. As shown in
Fig. S1 of Supplemental Material (SM) [40], convergence
tests confirm that the number of k mesh N, > 54 x 54 ensures
converged results for both first-order modes (the number of ¢
mesh N, = 1 at T point) and second-order modes (N, = Ny).

To directly compare first-order SRR with second-order
DRR bands, we incorporate SRR and DRR bands in a single
Raman spectrum. The workflow of calculating Raman spectra
incorporating both SRR and DRR modes is as follows.

(1) Since a SRR process includes electron-phonon (e) and

hole-phonon (%) subprocesses, the SRR tensor ZSRR for the
pnth phonon mode at laser excitation energy Ey, is obtained by

a summation of ZSRR;a over all a subprocesses:
<> <>
Rsrr (4, EL) = ) Rsrria (4, EL). o))
a=e,h
Using the third-order, time-dependent perturbation theory, the

<~
subprocess SRR tensor Rsrr:, can be obtained. For example,
the tensor for the e subprocess is calculated as follows,

RSRRQE (Ma EL)
- ¥ Dy (k) - My, (k, 0) - Dy ()
k.i=f.nn (Eni — EL — iy ) (Efy — EL £ liw, —iy) ’
@
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where i, n (n'), and f denote the initial, intermediate, and final
electron state, respectively. 7 is the reduced Planck constant,
and w,, denotes the frequency corresponding to uth phonon
mode. The energy E,; (Ey,) represents the vertical transition
energy from the state |i) (|n’)) to the state |n) (|f)). The
electric dipole matrix element is given by D,; = (n|D|i), and
My, (k, q) is the electron-phonon matrix elements at the
electron wave vector k and phonon wave vector g. For a SRR
process, only zero wave vector phonon (g = 0) contributes.
The energy denominator y denotes the broadening in energy
due to the finite lifetime of the photo-excited electrons. Here
we empirically adopt y = 0.1 eV in both SRR and DRR spec-
trum calculations. The =+ signs in Egs. (2)—(8) correspond
to absorption (Stokes process, —) and emission (anti-Stokes
process, +) of a phonon.

For a fixed Raman shift wgs, the Raman intensity for pth
phonon mode can be derived from Raman tensor combined
with the Jones vector of incident (P;) and scattered light (Py).
The total SRR intensity Isggr is by summing over the phonon
mode w as follows,

ISRR(CURS)OCZ IP!- Rsrr -Pi|*L(fiwgs =+ fiw,,) EZ Isgg:
I ®

3
|

Dy (k) - Mo vk + ¢, —q) - Moy (k, @) - D} (k)

where L is a Lorentzian function to simulate energy-
conservation § function in Raman spectra as follows

1 r

L(h +h = — ,
(hwrs 00;4) 7 (hogs :i:ha)ﬂ)z )

“

where the broadening parameter I' comes from phonon
lifetime. Here, we adopt the same value of I' = 6cm!
for each mode in our SRR spectrum calculation for
simplicity.

(i) Since a DRR process includes ee, eh, he, and hh
four subprocesses, the g-resolved DRR tensor EDRR for
a combination of the puth and the vth phonon modes at
Ep, is calculated by summation of EDRR;Q,;, over all ab
subprocesses:

RpRrr (g, . v, EL) = Z RDRR:ab (¢, 4, v, EL). (5)
a,b=e,h

Using the fourth-order, time-dependent perturbation theory

[3], the g-resolved DRR tensor ZDRR;[,, » for an ab subprocess

<>
can be obtained. Here Rpgr.. . for the ee subprocess is given
as follows as an example,

<>
RDRRc.e (@, 1, v, EL) = Z

k,i=f,n,n',n"

Notations are consistent with those used in the SRR spectrum
calculation. For a fixed Raman shift wgg, the total DRR inten-
sity Ipgrr 1s by summing over the phonon vectors g and —¢q in
the Brillouin zone for wuth and vth phonon modes as follows,

Iprr (wrs) Z |P{- Rprr -Pi|*L(hwgs £ ho, & hw,)
gy

= Z JE (7

q,1L,v

The Lorentzian function L in Eq. (7) is expressed as follows,

1 r
L(hwgrs £ ho, £+ hw,) = — .
7 (hwgs £ ho, £ hw,)? + T?

®

Since DRR mode has larger full width at half-maxima
(FWHM) than that of SRR mode, we adopt a larger
I' =8cm™! for each ¢ point and each mode in our DRR
spectrum calculation for simplicity.

(iii) Combining Eq. (3) with Eq. (7), the SRR intensity and
DRR intensity are incorporated in a single Raman spectrum
by normalizing the number of ¢ points and the square of the
number of k points adopted in Wannier interpolation, which is
expressed as follows,

Isgr(wrs) ~ Iprr(wRrs)
N? NN,

; C))

I(wrs) =

where I(wgs) denotes total Raman intensity, and Ny and N,
represent the number of k and ¢ points, respectively. Here,

(Em' - EL - iy)(En/i - EL + hwu - iy)(Efn” - EL + hw;/. + hwv - 1)’) .

(6)

(

Ny =1 for SRR modes, thereby omitted in the term of SRR
process in Eq. (9).

For the calculation of helicity-conserved (oo ™) and
helicity-changing (0to~) geometries, P; and P, are
expressed as follows,

1 (!
otet:P=P,=—11i

v2\o)

. (! .
cto” Pi=—|1)|, Pi=—|-1]. (10)

V2\o

For the unpolarized geometry, the Raman intensity I, is de-
rived by the average value of the intensities in the xx (Iy,),
xy (Iyy), yx (Iyx), and yy (I;y) linearly polarized geometries as
follows,

Lo + Ly + L + 1y

Ly, = 4

an

II1. RESULTS AND DISCUSSION
A. Assignment of DRR modes

In Fig. 1(a), we show the Raman spectra of mono-
layer MoSe, in the unpolarized geometry at laser en-
ergy Ep =2.33eV, where the calculated Raman spectra
(bottom) can reproduce the experimental one (top) well.
The Raman spectra of Ep = 2.41, 2.54, and 2.60eV are
shown in Fig. S2 of SM [40]. Sixteen second-order
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FIG. 1. (a) Raman spectra of monolayer MoSe, at laser energy Ep = 2.33eV: experiment (top) and calculation (bottom). Si peak is
subtracted in the experimental Raman spectra. Triangle and star denote second-order mode and superposition of first-order mode E’ and
second-order mode S; (labeled E’ & S)), respectively. The red and blue filled areas in the bottom panel represent calculated first- and second-
order Raman spectra, respectively. (b) Calculated phonon dispersion for monolayer MoSe,. The wave vector groups are listed above for each

¢q point with the irreducible representations (Irreps) given on each band.

Raman modes are observed in both experimental and cal-
culated Raman spectra. The peak position and peak shape
agree reasonably well with those of the experiment. All
assignments remain consistent for the four E;. A detailed
assignment of each DRR mode is listed in Table I and com-
pared with the previous assignments by Soubelet et al. [13]
and Bilgin er al. [14]. For convenience, we adopt the irre-
ducible representation (Irrep) at the I' point to represent the
phonon branch, which is labeled in the phonon dispersion
in Fig. 1(b).

For most bands below 400 cm™', our mode assignments
generally align with the literature while revealing distinct

differences in phonon contributions. In particular, three DRR
bands S; (i =1,2,3) at 280-320cm ™! are newly assigned
to 2LA from different ¢q. Furthermore, the Raman bands
observed at 110-190 cm ™" are assigned to second-order com-
bination modes involving coupled Stokes and anti-Stokes
scattering processes, which is validated by the experimental
temperature-dependent Raman spectra in Fig. S3 of SM [40].
But for the higher peaks above 400cm™', we assign them
only to second-order modes rather than higher-order modes,
which is consistent with the second-order nature proposed by
Sotgiu et al. [15]. Since the three bands at 560-610 cm~! have
already been analyzed in our previous paper [16], we will

TABLE I. Comparison of assignments for the second-order modes between this work and Refs. [13,14]. The peak positions are measured

at £, = 2.33¢eV.

Peak position (cm™!) Assignments
Experiment Calculation Ref. [13] Ref. [14] This work Label
127.50 125.40 - - E7o —LA (~K)
149.92 150.40 LA (M) LA M) &E — LA (M) E, —LA(~K&X)
172.23 175.55 E"(I') E"(I') E{, — TA(~K)
257.03 255.60 - 27ZA 2TA (A) & 2ZA (~K)
287.32 284.00 - - 2LA (A) S,
303.12 303.50 2LA (M) 2LA M) 2LA (2) S,
317.78 316.30 - - 2LA (~M) S
363.17 356.40 LA+ A (M) LA+ A (M) LA+ A (A)
412.77 412.30 TA + 2LA (M) TA + 2LA (M) TA + B}y (~ K) P,
433.10 433.00 LA+ E M) ZA +2LA (M) TA + E{ 4 (~ K) P,
443.74 440.00 - - LA +E}, (~ M) Ps
454.48 455.80 3LA (M) 3LA (M) LA+E,(~M) P,
512.32 514.10 Al +2LA (M) - Al +E (%)
570.74 575.60 TA + 3LA (M) TA + 3LA (M) 2E1o (M & A)
584.22 586.20 E +2LA (M) E +2LA (M) E7o +E[ o (~K)
597.29 598.60 4LA (M) 4LA M) 2E[ o (" M&A)
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FIG. 2. (a) Mode-dependent Raman spectra at laser excitation energy E; = 2.33eV: experiment (left) and calculation (right). (b) Nor-
malized g-dependent Raman spectra for four bands P; (i = 1, 2, 3, 4). The value of each P; is normalized by its corresponding maximum.
(c) Circularly polarized Raman spectra for monolayer MoSe,: experiment (left) and calculation (right). Orange and blue lines represent the

helicity-conserved and helicity-changing geometries, respectively.

not discuss them here. Thus, we mainly focus on the seven
principal bands denoted as P;—P4 and S;—S3 below.

B. Analysis of P; —P, at 400 —480 cm™!

In Fig. 2(a), we plot the experimental and calculated mode-
dependent Raman spectra of P;—P, observed at 400—480 cm™!
for £ = 2.33eV. For other E, we show Raman spectra in
Fig. S4 of SM [40]. These four bands P;—P, are assigned
to combination modes involving acoustic and optical phonon
branches as follows: (i) Pi: TA + Ef, (ii) Po: TA 4+ E[ ), (iii)
P3: LA+ Efy, and (iv) P4: LA 4+ E[ . In order to analyze
the origin of P; in the phonon rnornentum space, we present
g-dependent Raman spectra of P; at ;. = 2.33 eV in Fig. 2(b).
The dominant contributions to the Raman intensities of P; and
P, arise from wave vectors around the K point, whereas those
of P3 and P4 come from the region around the M point. The
g-dependent spectra for other excitation energies are shown in
Fig. S5 of SM [40] and are consistent with the current results.

Since we have a clear phonon assignment for each P;,
the helicity-dependent behaviors can be systematically deter-
mined by the analysis of space-group theory. With the help
of the Bilbao crystallographic server [41], we decompose
the direct product of Irreps for a pair of two phonons at
the high symmetry points into a I" star for each P; in Ta-
ble II. If T" star contains A (E), we expect that the Raman

spectra show helicity-conserved (helicity-changing) behavior.
The results reveal the following: (i) the Raman-active Irrep
in T star of P; is A}, which is helicity conserved; (ii) the
Raman-active Irreps in I star of P, and P3 are E’, which is
helicity changing; (iii) the Raman-active Irreps in I star of
P, are both A| and E’, which have both helicity-conserved
and helicity-changing components (i.e., hybrid symmetry).
The predictions are consistent with experimentally observed
helicity-dependent Raman spectra as shown in Fig. 2(c). The
observed helicity-dependent behaviors confirm the following
points: (i) P; and P, are helicity conserved, while P3 exhibits
helicity-changing character; (ii) P4 exhibits a E -dependent
helicity transition from changing to conserving helicity.

TABLE II. Decomposing the direct product of Irreps of wave
vector stars into the combination of Irreps in I' star for P;. The red
mark in the last column represents the Raman-active mode in the
backscattering geometry.

Band  Assignment  Direct product  Decomposition to I" star
P, TA + Efo ' ®’E' (K) Al @A)

P, TA +E; o ZE' ® A’ (K) E

P; LA +Ejo A ®B; (M) A,®FE

Py LA+ E[, A ®@A (M) Al®FE

075416-5
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FIG. 3. (a) Weight of contribution to Raman intensity (¢) as a function of E for each S;. (b) Mode-dependent Raman spectra at E; =
2.33eV: experiment (top) and calculation (bottom). The vertical dark gray bar in bottom panel indicates the calculated peak position of
first-order mode E'. (c) Circularly polarized Raman spectra for monolayer MoSe, at E;. = 2.33eV. The orange and blue lines represent the
helicity-conserving and helicity-changing geometries, respectively. (d) Polarization degree P as a function of Ey for A (red lines) and E' & S;
(green lines). Solid and dashed lines represent experimental and calculated results, respectively. (e) Calculated two-phonon density of states
(2phDOS) for 2L A mode that is fitted by three Lorentzian functions. (f) Experimental full width at half-maxima (FWHM) of E’ and S; band
as a function of Ey, for the "o * (orange line) and o "o~ (blue line) geometries.

C. Analysis of S;-S; at 280-320 cm™!

The analysis of the S;—S3 bands at 280-320 cm~! can be
similarly done. In Fig. 3(a), we show the top two contribu-
tions to the Raman intensity (¢) for the candidate two-phonon
modes, revealing that the 2LA overtone mode dominates
the Raman intensity for the three bands. In contrast, the
combination modes TA + LA and LA+ A} exhibit triv-
ial contributions. To confirm the assignment, as shown in
Fig. 3(b), we compare the calculated mode-dependent DRR
spectra for Ep, = 2.33 eV with the experimental data. For the
direct analysis of DRR modes, the calculated first-order mode
E’ Raman intensity profile is subtracted in the bottom panel
of Fig. 3(b), leaving the peak position of first-order mode
E’ identified by the thin dark gray bar. The contributions
of TA+ LA and LA + A] manifest solely the peak tails at
adjacent wave numbers. This evidence conclusively assigns
all three bands to 2LA.

Notably, the second-order mode S; in Fig. 3(b) exhibits
spectral overlap with the first-order mode E’. In Fig. 3(c), we
compare the experimental and calculated, helicity-dependent
Raman spectra for the superposition of E’ and S; (labeled
as E' & §y) at E;, =2.33eV, with the isolated contribu-
tions of E' and S; from the calculation separately. The
Raman peaks emerge in both helicity-conserved and helicity-
changing geometries. Although the helicity-changing signal

is E’ dominant with a minor contribution from S;, the
helicity-conserved signal comes completely from the contri-
bution of S;. The helicity-dependent behaviors also show the
hybrid symmetry of S; (i.e., having both A- and E-type com-
ponents), directly demonstrating the superposition of E’ and
Si. In Fig. 3(d), we compare the experimental and calculated
polarization degree P for E’ & S, with another typical first-
order mode A} for comparison. Here, the polarization degree
P is defined as follows [42],

_ I(octo™)=I(cto™)
" Ioto )+ 1(cFot)’

12)

where I(c "o~ ) and I(c "o ") denote the Raman intensities
in the helicity-changing and helicity-conserved geometries,
respectively. The positive and negative signs of P represent
helicity-changing and helicity-conserved mode dominating,
respectively. In particular, the values of 1 and —1 represent
typical E- and A-type symmetries, respectively. The calcu-
lation reproduces the experimental results satisfactorily. As
shown in Fig. 3(d), the A} band exhibits typical A-type sym-
metry, which is consistent with space-group theory analysis.
In contrast, the value of P for E' & S| deviates from the typical
E-type symmetry (P = 1) due to the contribution of S;, which
corroborates the hybrid symmetry of the overlapping modes.
Furthermore, Fig. 3(f) presents the experimental full width at
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FIG. 4. (a) Normalized g-dependent Raman spectra for S;. (b) Polarization degree P as a function of Ej for the band S;: experiment
(red lines) and calculation (green lines). (c) Normalized g-dependent two-phonon density of states (2phDOS). (d) Normalized g-dependent
electron-phonon coupling (EPC) strength A for LA phonon branch. The values in (a), (c), and (d) are normalized by their corresponding

maximum, respectively, with sharing the same color bar in (d).

half-maxima (FWHM) of E' & S, in the 070 and 670~
geometries, which shows that FWHM of o "o T is greater than
that of 0 to . In general, a second-order mode has a relatively
larger FWHM than a first-order mode [43,44]. Thus, this fact
also supports that the second-order mode S; overlaps with the
first-order mode E'.

Now, let us discuss the reason why the three peaks of S;—S3
appear, though all peaks are assigned by 2LA. In Fig. 3(e),
we plot the 2phDOS for 2LA mode, which is expressed as
follows,

2phDOS(w) = Y 8(e — g — wg.0). (13)

q,1,v

where o, , and w,, denote the angular frequencies corre-
sponding to puth and vth phonon modes. The 2phDOS of 2LA
can be fitted by three Lorentzian functions, with the fitted peak
positions exhibiting a one-to-one correspondence to those of
S; bands. This suggests that S;—S3 comes from the different ¢
points on the phonon dispersion of LA mode.

In Fig. 4(a), we plot the g-dependent Raman spectra of
S1-S3 at £y, = 2.33 eV for showing the contribution of Raman
spectra explicitly. The dominant ¢ points that contribute to
Raman intensities for Sy, S;, and S; are identified as A (I'K),
Y (I'M), and around the M point, respectively. This result
demonstrates that double-resonance Raman scattering events
for 2L A occur in the three different positions of phonon wave
vector space.

When we compare Figs. 2(b) and 4(a), g dependence for
S3 and P4 are almost identical. Since the decomposed Irreps
at the T" star for S3 and P, are similar, too, we expect the same
helicity dependence. As shown in Figs. 4(b) and 2(c), S; and
P, exhibit a consistent transition in helicity selection rules:
helicity-changing behavior dominates at lower excitation en-
ergies (Ep < 2.41eV), while helicity-conserved processes

prevail at higher excitation energies (Ep, > 2.54eV). These
helicity behaviors further corroborate our assignment. More-
over, the g-dependent Raman spectra of other excitation
energies are given in Fig. S6 in the SM [40] and are consistent
with the presented result. Thus, we discuss the behavior of S;
at the phonon level. The g-dependent 2phDOS in Fig. 4(c)
can reproduce g-dependent Raman spectra well, except the
¢ points around the K point for S3. To explain the deviation
caused by 2phDOS, we calculated g-dependent EPC strength.
The EPC strength [39,45] associated with a specific phonon
mode n and wave vector ¢ within the double-delta approxi-
mation is expressed as follows,

1
D Mok, @

T Ny,
F.u mn,k

)‘q,u

X 8(Enk — Er)S(Emi+q — EF), (14)

where Ng is the density of states per spin at the Fermi
level Eg, and M,,, ,(k,q) and E, ; are the EPC matrix el-
ements [46,47] and the electron band energy, respectively.
In Fig. 4(d), we present g-dependent EPC strength of the
LA phonon branch. A critical suppression of EPC strength
emerges around the K point, which directly explains the low
Raman intensity within this region of phonon wave vector
space.

In this paper, we achieve precise assignment of the DRR
modes observed in monolayer MoSe,, using first-principles
calculations, helicity selection rule, and space-group
theory analysis. Beyond assignment, analysis of the behavior
of each scattering process pathway and its associated quantum
interference effect is essential for the physics of the observed
Raman spectra. The decomposition of the total Raman spectra
into constituent scattering pathways (Fig. S7 of SM [40])
shows that first-order modes A and E’ exhibit destructive and
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constructive interferences between the e and h paths,
respectively. The interference effect for the A} and E’ is
independent of Ep. In contrast, all second-order modes
exhibit constructive interference among the four pathways,
with eh and he processes contributing nearly equally to the
Raman intensity. Notably, for the modes below 500 cm~ !,
the contribution of ee process is minor at £y, < 2.41eV, but
becomes dominant at £, > 2.54eV. While we present these
key observations here, a detailed mechanistic discussion of
these interference effects is beyond the scope of this work and
warrants further exploration.

IV. CONCLUSION

In summary, we have presented the experimental and
calculated Raman spectra for monolayer MoSe, at four
laser excitation energies resonant with the C exciton, where
16 second-order Raman modes were observed. The mode
and phonon contributions are quantitatively assigned by us-
ing the first-principles calculation. Focusing on the bands
S; (i=1,2,3) at 280-320cm™! and P; (i=1,2,3,4)
at 400-480cm™' involving acoustic phonon branches, we
discuss their detailed assignments and phonon behaviors.
Contrary to previous reports suggesting higher-order modes,
we assign the bands P; to the combination modes of TA
(LA) and E/y (E[ ). This assignment is supported by space-
group theory analysis and helicity-dependent Raman spectra.
For bands S;, all bands are assigned to the same 2LA
mode but originating from different ¢ points, which is ex-
plained by the combination of two-phonon density of states
and electron-phonon coupling. Furthermore, we reveal the

superposition of first-order mode E’ and second-order mode
Si. Our study resolves the controversy regarding second-
order mode assignments in monolayer MoSe;, and provides
a comprehensive understanding of the physics behind the
second-order Raman bands.
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FIG. S1. Convergence test for calculated Raman spectra at Fr, = 2.33 eV: normalized intensity as a function of the number
of interpolation k points Ni for (a) A}, (b) E, (c) ELo — LA, (d) Ss, and (e) P4 modes. Top panels (a, b) show first-order
modes, with the number of interpolation g point Ng = 1. Bottom panels (c, d, ) show second-order modes, with Ng = N.
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The intensity for each panel is normalized by its corresponding value computed using a 54 x 54 k-mesh.

In Fig. S1, we present the convergence test for two typical first-order modes (A} and E’) and three second-order
modes (Ef 5 —LA, Sz, and P4). The intensity for each panel is normalized by its corresponding value computed using
a 54 x 54 k-mesh. For first-order modes, we adopt the number of interpolation g point N4y = 1 for the I' point. For
second-order modes, N4 shares the value of interpolation k points Ni. The data demonstrate clear convergence for

both first- and second-order modes at Ni > 54 x 54, validating our choice of meshes.
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FIG. S2. Raman spectra of monolayer MoSex at laser energy Er, = 2.41, 2.54, and 2.60eV: Experiment (solid lines) and

calculation (dashed lines). Si peak is subtracted in the experimental Raman spectra. Triangle and star denote second-order
mode and superposition of first-order mode E’ and second-order mode S; (labeled E’ & S1), respectively.
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FIG. S3. Experimental Raman spectra of monolayer MoSez at room temperature (RT, red lines) and 4 K (dark-cyan lines).

To validate the second-order combination modes involving coupled Stokes and anti-Stokes processes, temperature-
dependent Raman spectra were systematically analyzed. As shown in Fig. S3, these modes exhibit pronounced

intensity at room temperature but are entirely quenched at 4 K. The population of phonon nq at frequency wq follows
the Bose-Einstein distribution as follows,

1
Wa (S1)

nQ(wan) =
exp (kBT

where T and kg represent temperature and Boltzmann’s constant. Since the intensity of Stokes (Ig) and anti-Stokes
(Ias) processes are proportional to ng and ng + 1 as follows,

Is x ng, Ias xng + 1. (S2)
The intensity of the anti-Stokes component Iag decreases significantly at the low temperature. Thus, this thermal

quenching directly demonstrates the existence of the anti-Stokes component in the second-order mode [1, 2], thereby
providing experimental validation for our mode assignments.



~
D
~

Intensity (a.u.)

N

(b

Intensity (a.u.)

(c

N’

Intensity (a.u.)

- — T T T T T T T
400 420 440 460 480 400 420 440 460 480
Raman shift (cm™) Raman shift (cm™)

FIG. S4. Experimental (left) and calculated (right) mode-dependent Raman spectra of modes P; (i = 1,2,3.4) at Er = (a)
2.41, (b) 2.54, and (c) 2.60eV. The brown solid line and gray circle represent the total Raman intensity and raw experimental

data, respectively.
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FIG. S5. The g-dependent Raman spectra of modes P; (i = 1,2,3,4) at By, = (a) 2.41, (b) 2.54 and (c) 2.60eV. The values

are normalized by their corresponding maximum.
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FIG. S6. The g-dependent Raman spectra of modes S; (i = 1,2,3) at Er, = (a) 2.41, (b) 2.54 and (c) 2.60eV. The values are
normalized by their corresponding maximum.

As shown in Figs. S5 and S6, the g points that have a dominant contribution to the Raman intensity for each mode
are nearly independent of Ey,. It reveals the invariant assignment for the variation of Efy,, which is also mentioned in
the main text.
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FIG. S7. Decomposition of total Raman spectra into different Raman scattering process pathways: (a) single resonance Raman
(SRR) scattering, including e and h sub-processes, and (b) double resonance Raman (DRR) scattering, including ee, hh, eh
and he sub-processes. (a) and (b) do not share the value of vertical axis.
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