Full-Zone Landscape of momentum excitons
in atomically thin transition metal dichalcogenides
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Valley exciton in transition-metal dichalcogenides (TMDs)
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Valley exciton in transition-metal dichalcogenides (TMDs)
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Valley polarization of exciton complexes in 2D TMDs

W & Cite This: ACS Nano 2019, 13, 14107-14113 www.acsnano.org

Momentum-Dark Intervalley Exciton in
Monolayer Tungsten Diselenide Brightened
via Chiral Phonon
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Valley phonons and exciton complexes in
a monolayer semiconductor
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Momentum-dependent valley polarization of exciton

Questions: ) %Wl
e kex
@ K

* Why the degree of valley polarization of BX is not high?

* Why the degree of valley polarization of intervalley FM-DX <
is higher than the BX ?
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* How is the exciton-momentum (k.. )-dependences of
the valley polarization of exciton?
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Exciton: a many-body problem

Exciton state: |S ke,) = ZkASkex(k)ck+k h+|0)

Bethe-Salpeter equation (BSE):

(Eckrk,, — Evk)Ask,, (k) — —z i, (e KD Asge, (K') = Egy,, As, (k)

Uk, (k, k') = W (k, k") — Vi (k k)

R _ direct exchange
-vooouosusvusv"f d|rect eXChange

Ep

Exciton: A many-body ((/V, — 1) + 1) problem

> Qiu, D.Y,; Cao, T.; Louie, S. G. PRL (2015)
» G.H.Peng, etal, SJC. Nano Lett. 19, 2299 (2019).
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Exciton: a many-body problem

Ec
R R LeeRe
Ep

An exciton
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Exciton band: direct interaction

€c E ,i(e .
é gc(kex) - Sv(O)

Z e
/ \ X kex

An exciton with finite momentum Py,

Exciton band dispersions Eif vs. k
Kex ex

G’PCM = NKey
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PL using the optical vortex excitation— — =~ -
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Electron energy loss spectra
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FIG. 4. The exciton band structure and the calculated EELS
peaks dispersion of the A exciton of the WSe, monolayer. The black
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Finite momentum dark excitons (FM-DXs) in 2D TMDs
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Finite momentum dark excitons (FM-DXs) in 2D TMDs

Inter-valley momentum dark exciton (k., > q.)
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DFT-based Bethe-Salpeter equation (BSE) theory for exciton in 2D systems

VASP, Quantum Espresso, BerkeleyGW,... | Exciton:
A many-body ( Ny = (N, — 1) + 1) problem

off [ Solve Kohn-Sham Eq. In DFT
1

\
/ \ A finite-momentum (k., ) exciton state:
construct construct + ~4
»| Green's flunctlon G screenlngIW (RPA) |Sk,,) = ZkASkex (k) Ck+kexhk |0)
Green’s function . . .
GW | [Seft-consistency solve the Bethe-Salpeter equation (BSE):  sham, L.J.; Rice, T. M. Phys. Rev. 144, 708 (1966).
Dyson equation e e
[€chktker — €v k) As k. (VCK) + Z Uk, (vck,v'c'k") Ag g, (V'C'K') = Eg,, As k. (vck)

Improved vk

spectrum / Coulomb kernel:

U, (vck,v'c’'k") = deex(vck, v'c'k') — V,fex(vck, v'c'k")
static €((q, w = 0) \
Direct interaction:
1! Vi, (vck, v'ck') = / Er1d* 2% g, (11) Yok (T2) W (11, 72) ¥ 10 (12) Yo g sk, (1)
construct Kernel K
e T Exchange interaction:
I Vi, (vck,v'c'k') = / Eridre ¥l gk, (1) Yok (r) V (11 — 72) ¥} 10 (12) Yo b1k, (T2)
BSE L Bethe-Salpeter equation "
e
/ V(ry— 1)

; : " Aneglry — 1
Antonios M. Alvertis, 0lm 2|

“On Exciton—Vibration and Exciton—Photon Interactions in 3. -1 , , -1 N . . .
Organic Semiconductors”, Springer Verlag. ISSN 2190-5053 W —r) =[d®r e (r, 7V (@' —12) €~ (r,r"): inverse dielectric function

SJCheng group @NYCU
https://quantum.web.nycu.edu.tw/

ITHEMS-NCTS Aug. 21, 2025



WannierBSE: an efficient methodology for solving a DFT-based BSE in WTB scheme
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DFT-BSE

DFT-WannierBSE

Vs.

VASP, Quantum Espresso, BerkeleyGW,...

DFT |  Solve Kohn-Sham Eq. In DFT | DFT [ Solve Kohn-Sham Eq. In DFT ]
I
/ v \ v
construct construct (G W) [ GW ](O ptIO nal )
»| Green’s function G screening W (RPA) 6 TwseniL |
| | 5 A\ |
4
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Antonios M. Alvertis,

“On Exciton—Vibration and Exciton—Photon Interactions in
Organic Semiconductors”, Springer Verlag. 1SSN 2190-5053
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Momentum-dependent valley polarization (pseudo-spin) of valley exciton
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Electron-hole exchange interaction: intervalley transfer of valley exciton

\/ / exchange \/W
' K

D I - - IAE > Vicer
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Momentum-dependent valley depolarization: symmetry analysis

So, Let’s derive the condition for the degeneracy of finite-momentum excited

states:
K/ ke, kK'+ kg, €cktkex — Evk = €ck'+kex — Ev k'
exchange
k k!
K K’ TMD-MLs : D3, = {E, C3,C5*, 01,835,535, C51,C3.2,Cs 3,051, 05,2, 0y 3}
Symmetry of 2D TMD ensures : €, yx = €p g With U € Q = D3,
P ) ) : ) ,, T From €, 5 = €, and €cktkex = Eck’+koy 5'v; 62'
€22, (71.,’,2\ [%.V.L'cz'l' Ov,1 We find the condition of degeneracy of momentum exciton states: :
LR % M |
C -~ ax,2
k' =Uk and kg = Ukey
. : /*:
Top view _ _ — .
y o ~ Accordingly, we find that the finite momentum exciton
/W\ States should be degenerate only if
1 = . .
zl'_'x A ¥ kex € oMoy withi =1,2,3
C2,3)0p,3

P-Y. Lo, G.-H. Peng, et al SIC, Phys. Rev. Research 3, 043198 (2021).
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Optical polarization of Phonon-assisted PL from intervalley DXs
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In the 2"-order perturbation theory, the phonon-assisted indirect BX
transition rate reads: 12|ZKK,|
. . 2 e il

@ _ 2" S (fl| Hx—y |m) (m| Hx_pp |i) S(Er—E). G ||

N E; — E,, +i0+ S | -
Exciton-phonon interaction: S heg: IEQKK' i

Hx =Y > > hge% s X Xsp. (BM + El,q) | ;\é, Phonon emlisslon (Ks)
S'K., Skez A Epf !

optical polarization of an indirect phonon-assisted transition o €k,
via the BX intermediate states P2 can be related to the ¥ ,";x -

alley polarization of the initial MFDX state P* b o
- valleyp ™ SEEIDOY egligible

For 2D TMD, |BEE'| ~ 1072 is negligible,
with |AXK’| ~ 1meV and

Agxr (ky )
—kE el AEXS + hQ ~ 55meV

AEY,+hSp]

o Where BEE = _ arises from the EHEI Agg:

@ ey @
PDO(Z) = 1?2)(&,) 1,(32)(e+) is the degree of optical polarization of the indirect PL, I,gz) e F,gz), of |D).
ID (6+)+ID (6+)

P} is the degree of valley polarization of the intervalley momentum dark state |D).

=

PDO(Z)

~ pV

P-Y. Lo, G.-H. Peng, et al SIC, Phys. Rev. Research 3, 043198 (2021).
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Efficient up-conversion PL via exciton-exciton annihilation (EEA)

Full-zone exciton bands of multilayer WSe2
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Efficient up-conversion PL (UPL) of intervalley FMDXs via EEA

Hx 5L WS, 34 c : : ;
u —_ Thickness: 0 3
2 URL W3 <6l
c 3.2 @4 7L
=] 3.0 F 5. @>7L
o D . 4
5 Ka 3.0 0
. . - b ! : ! : 1233443 ; 3 5
X-XX-coupling Hamiltonian: 3 |3 MoS, _ ° - Eb
ok oy P. Hawrylak et al., PRB 54, 11397 (1996) & d >28F 4 %
H® = H¢ + Hye M, Korkusinski, O Voznyy, PH. PRB (2011) € L | B 26 3 0 . -7
Q ) [}
. . . o c ®
Effective EEA-Hamiltonian: S X, L E * .5
O 6
a f i = 3 5 6
[JEEA _ W X.EEA ot ¢ % Qo r g1 —i : <
HEEA =~ Fis5,.5, 2010, Wosn 005,00 X0 X510: K550, + - €4 = 3L MoSe2 16} o 26'm D?}) e
>7
EEA _ X,EEA 2_x X HX X x = UPL | 4
I‘-S'Q:~91Q1,5'2Qz ~ Tk 1"75Q:51Q4,5,Q; n51Q1n52Q26(ESQ - ES1Q1 - ESzQz) ‘ -og 1.4 ®s
. AT
H L e
WannlerBSE o X, ~j4C|tat n 12 o 2.4 74. = MoS,
'.’ N * 1 L|— 1 2 3 4 5 @57 B MoSe.
A 1 1 1
2.0 2.9 3.0 Number of layers Number of layers
Energy (eV) : -
 The UPL energy is 2x of that of the weak indirect PL
ZEé( from intervalley dark excitons.
ex

 The UPL emerges as the thickness of TMDs >3L.

» The upconversion efficiency increases as increasing
the thickness of TMDs.

« The UPL features are generic for all multi-layer TMDs.

anli YH Chen
SY Chen@NTU @Monash U

PYLo@NYCU P Hawryla k@ UOttawa

YHC, PYL,..., P Hawrylak, HCH,..,SIC, M Fuhrer, SYC Nat Comm.16,2935 (2025)
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UPL of multi-layer TMDs: 2XQI' = I'T

DFT+GW
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Essential role of intravalley FM-DX in nano-optics: High efficient energy transfers
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Twisted-light-controlled photoexcitation of intra-valley FM-BXs

GH Peng et al SJC, Nano Lett (2019)
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Summary

e We have developed a DFT-based BSE solver
(WannierBSE) in the Wannier tight-binding (WTB)
framework that serves as a multi-scaled
computational platform for efficient simulation of
exciton complexes in 2D materials under multi-layer
dielectric environment.

e We simulate and analyze the landscape of the
momentum-dependent valley polarization of TMD
monolayer and interpret the observed high degree
of polarization of intervalley exciton, in terms of the
inherent crystal symmetry of TMD-ML.

* Using WannierBSE, we show that a pair of
intervalley Q,,/Qz, dark excitons of multi-layer
TMDs are likely coupled to a high-lying bright single
exciton ones via the exciton-exciton-annihilation
(EEA), leading to the upconversion PLs (UPL).

SJCheng group @NYCU
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Theoretical and computational research on exciton physics in 2D materials

WannierBSE

Introduction

WannierBSE is an efficient computational package for solving the Bethe-Salpeter equation (BSE) for neutral exciton in 2D materials within
the Wannier tight-binding (WTB) framwork, implemented in the MATLAB (single-machine version) or C++ (parallelized version) languages.
Technically, it takes adventage of efficient integration algorithm combined with cubic spline interpolation for fast and accurate construction of
electron-hole (e-h) Coulomb kernels of BSE. WannierBSE can efficiently construct the matrix elements of BSE in the Wannier tight binding
scheme, based on the first-principles-calculated band structures and Bloch wavefunctions, and no-lacal dielectric functions obtained from
either the DFT+GW or macroscopic electromagnetic theories. This enables WannierBSE to perfrom the multiscale simulations of excitonic
spectra, exciton dipoles and exciton-light interactions of hybrid 2D materials under complex dielectric environments in an efficient, flexible
and portable manner.

The WannierBSE package is developed to numerically solve the Bethe-Salpeter equation (BSE)

(€ckrq — €vk)As(vek) — Z [Wo""’d(vck, v'c'k’) — Véh’x(vck, v'c'k")]Asq(v'c'k'") = EsqAsq(vck)
v'c'k’

where eq is the kinetic energy, Esq is the energy of exciton state labeled by quantum number S with center-of-mass (CoM) wave vector Q,
and the e-h direct and exchange Coulomb kernels read

Developers

e Dr. Ping-Yuan Lo

Dr. Wei-Hua Li

Dr. Guan-Hao Peng
Dr. Jhen-Dong Lin
Prof. Shun-Jen Cheng
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Layer dependence of UPL in few-layer TMDs
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The UPL energy is 2x of indirect PL from
dark excitons

The UPL emerges for 3L and thicker TMDs
The upconversion efficiency increases as
TMDs becomes thicker

Possibilities of UPL:

e Second harmonic generation (SHG)?
* Phonon-assisted UPL?

* Auger recombination?

* Exciton-exciton annihilation (EEA)?




UPL via second harmonic generation (SHG)?

SHG
L ex,

%

B 2o @ P Independent of pumping energy

& 25— '\szin Independent of the polarization of pumping light

$

Second harr”mic generation

Photoluminescence intensity (arbitrary units)

PL intensity (arb. units)
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Sample: WSe,-5L
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Is the UPL a phonon-assisted PL ?

Temperature dependence of the UPL

This work Phonon-mediated UPL
6 g
- iy E LB B I LA L B
3 > ;
£ 4T S g2t 2?2 3
5 8 v 9 P 3 g
.5 © o d o
2 2k 4 1L -
2 s 9k o @PL ]
S Q E :
=1 poe - @ UPC
100 200 300 107 bttt bt
e 50 100 150
T (K)

» PhOﬂONed UPL J. Jadczak et al. Nat. Commun. 10, 107 (2019)
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Exciton effects!!
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Auger recombination

5000 (oY)

(o)

Assume n, = n, = n, and are unbounded (no exciton effects)

Probability of e-h recombination « ﬁz,

Probability of finding another electron to be scattered < n

» Power dependence of Auger recombination « n
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P-Y. Lo, G.-H. Peng, W--H. Li, Y. Yang, and S.-J. Cheng, Phys. Rev. Research 3, 043198 (2021).
SJCheng group @NYCU

K’K exciton: |D)
High DoV O

O3
KK/K'K' BX -
Low Do -50

! 1004 )

with EHEI KQ'/K’Q exciton
Low DoV

ITHEMS-NCTS Aug. 21, 2025

https://quantum.web.nycu.edu.tw/



WannierBSE: a multi-scaled BSE-solver

GH Peng et al SIC, Nano Lett (2019)
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Exciton fine structure: BX and SFDX

GH Peng et al SJC, Nano Lett (2019)
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lable pathways Tor resonant EEA In

Quasiparticle band structure (4L)

SJCheng group’@NYCU
https://quantum.web.nycu.edu.tw/

Exciton spectrum (4L)
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Multi-lyer more pronounced EEA
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Summary

We have developed a computational methodology
for establishing and solving a DFT-based BSE in
Wannier tight-binding (WTB) scheme (WannierBSE),

which enable the quantitatively precise simulation
of the energy bands, exciton dipoles, exciton wave
functions of exciton complexes in 2D materials with
drastically reduced numerical cost. The DFT-WTB-
BSE solver serves as a multi-scaled computational
platform for the computational and theoretical
studies of exciton complexes in 2D materials, which
can straightforwardly integrate the microscopic DFT
and macroscopic electro-magnetic theory.
Employing the WannierBSE, we have performed the
theory-experiment-joint research on the intriguing
physics of bright-, dark-, gray-, and finite-
momentum excitons in variety. In this project, the
code will be a useful tool for the theoretical
simulation of the trARPES on the 2D systems.
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WannierBSE

WannierBSE is an efficient computational package for solving the Bethe-Salpeter equation (BSE) for
neutral exciton in 2D materials within the Wannier tight- ...

SJCheng group@NYCU

Theoretical and computational research on exciton physics in 2D materials

Welcome People Research Publication Album | WannierBSE

WannierBSE

p Introduction

. WannierBSE is an efficient computational package for solving the Bethe-Salpeter equation (BSE) for neutral exciton in 2D materials within
° Dr. Plng'Yuan LO the Wannier tight-binding (WTB) framwork, implemented in the MATLAB (single-machine version) or C++ (parallelized version) languages.

. . Technically, it takes adventage of efficient integration algorithm combined with cubic spline interpolation for fast and accurate construction of
g Dr- We"Hua Ll electron-hole (e-h) Coulomb kernels of BSE. WannierBSE can efficiently construct the matrix elements of BSE in the Wannier tight binding
D H P scheme, based on the first-principles-calculated band structures and Bloch wavefunctions, and no-lacal dielectric functions obtained from

o r. Guan- ao eng either the DFT+GW or macroscopic electromagnetic theories. This enables WannierBSE to perfrom the multiscale simulations of excitonic

spectra, exciton dipoles and exciton-light interactions of hybrid 2D materials under complex dielectric environments in an efficient, flexible
and portable manner.

Dr. Jhen-Dong Lin
Prof. Shun-Jen Cheng

The WannierBSE package is developed to numerically solve the Bethe-Salpeter equation (BSE)

(€ck+q — €vk)Asq(vck) — Z [W;h‘d(vck, v'c'k") — Vgh'x(vck, v’c’k’)]ASQ(v'c’k') = EgqAsq(vck)

v'c'k!

where en is the kinetic energy, Esq is the energy of exciton state labeled by quantum number S with center-of-mass (CoM) wave vector Q,
and the e-h direct and exchange Coulomb kernels read

SJCheng group @NYCU
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Summary

* We have presented a comprehensive theoretical study of the light-matter
interaction between OAM-TLs and exciton in TMD-MLs by using the efficient

in-house code to solve the DFT-WTB-BSE.

* We show that, in the electrical dipole approximation, a incident TL couples the
center-of mass motion of bright exciton (BX) in a TMD-ML, and selectively
photo-excites finite-momentum excitons, leading to the blue-shifted PLs with
increasing the OAM of TL and formation of localized exciton wave packet.

* Due to the photonic spin-orbital interaction, a TL possesses the longitudinal

field, which enhances the photo-excitation of spin-forbidden gray exciton (GX).

 Employing a vector vortex beam (VVB) formed by the superposition of two

distinct TLs with opposite AM to excite a TMD-ML enable the angular

momentum imprint of the GX states.

SJCheng group @NYCU
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G. H. Penq, et al. SJC, Nano Lett. 19, 2299 (2019).
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Exciton: a many-body problem

N\N\NA~
A naive picture: two-body problem Reality: A many-body ( Ny, = (N, — 1) + 1) problem

Exciton state: [Skey) = ZyAgy,, (k)é,Lkexﬁ}:lO)
Bethe-Salpeter equation (BSE):
1
(€ck — €vi)Ask,, (k) — zz Uk,, (k. k) Ask, (k') = E&, Ay, (k)
kl
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Exciton with finite momentum
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Dark exciton physics:

Theoretical challenges: --exciton band
-- generalized LMT beyond BX
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Band theories: ETB vs. DFT vs. WTB

WIa (WaNNIERS0) | DFY (@ Espresso, .

Band theories Empirical tight-binding theory DFT-based Wannier tight Density-functional theory
(ETB) binding (WTB) theory (DFT)
Numerical cost Low cost @ @ Low cost @ High cost
Advantages/ ¢ Empirical parameters, not physics-based. * An ab-initio method * An ab-initio method
Disadvantages ¢ Non-transferrable and non-universal * Deliver full microscopic * Deliver full microscopic
parameters . wave functions wave functions
#0) ® © ©
DFT ) IWTB ) IETB DFT WTB ETB ETB: | Calculated time DFT vs. TB
5 s 211 DFT Na=11 WTB s w/monolayer parameters 3 y 500
~3 , . R 2
E 2 W \/ _§ 400 af
o 1} - i o et DEY
& i 2D monolaye{/-/\] 1w So00! TB
1 \/ﬂ\/\/ i /\ Hf,\g(k):zeZkRHA (R), 0l . . n .
2 | A ﬁ R 30 40 50 60
r T LR T d X Number of atoms

SJCheng group @NYCU

ITHEMS-NCTS Aug. 21, 2025

https://quantum.web.nycu.edu.tw/



