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Second harmonic generation 616 

We use second harmonic generation (SHG) to determine the relative alignment of the TMD 617 

flakes. The measurements were performed using an amplified femtosecond laser system based on 618 

a commercially available Yb:KGW source (Light Conversion, Carbide), which pumps an optical 619 

parametric amplifier (OPA, Light Conversion, Orpheus Twins). The idler output of the OPA, tuned 620 

to 1060 nm, was focused onto the sample using a 50× microscope objective. The back-reflected 621 

SHG signal was collected and imaged onto a cooled camera (Princeton Instruments, PIXIS-100) 622 

using a short focal length lens (f = 2.5 cm). The SHG anisotropy was measured by inserting a 623 

polarizer and a half-wave plate into the beam path and recording the SHG intensity as a function 624 

of the half-wave plate angle. 625 

 626 
Supplementary Figure 1 | Second harmonic generation (SHG). Polarization-resolved SHG 627 
data for the three devices described in this study. In the SHG data, the blue (orange) dots 628 
correspond to the integrated SHG signal at different polarization angles θ for the monolayer 629 
(moiré) regions, and the solid lines are the corresponding fits to a cos2(3θ) function. (a) Device 630 
D1: 60°-aligned (H-type) MoSe2/WS2 heterostructure described in the main text. (b) Device D2: 631 
60°-aligned (H-type) MoSe2/WS2 heterostructure described in the main text. (c) Device D3: 0°-632 
aligned (R-type) MoSe2/WS2 heterostructure described in the main text.633 
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High-energy moiré trion (HET) state 634 

We propose that the HET state is a trion-like state stabilized by moiré localization, derived 635 

from the repulsive polaron state of monolayer MoSe2. The monolayer repulsive polaron is known 636 

to be a collective bound state from the exciton dressed by the Fermi sea of free electrons, which is 637 

gradually blue shifted by the increase in electron density due to Pauli blocking. However, in the 638 

moiré heterobilayer, the strong moiré reconstruction of the single-particle bands leads to a great 639 

modification of this collective bound state: the repulsive polaron state can be strongly quantized 640 

to integer fillings due to the strong interaction with highly localized electrons in each moiré 641 

supercell. Specifically, at n/n0 = 1, the c1 band is half-filled, leading to the Mott-insulating ground 642 

state. Each electron can bind with an M1 exciton, forming an attractive polaron state (LET), leaving 643 

the other orthogonal repulsive polaron state to the high-energy side. In the simplest single-particle 644 

picture, the HET could be viewed as a bound state composed of a higher-energy exciton and a 645 

doped electron at the M site (c1 band). 646 

Despite its complicated physical origin, the HET state demonstrates a synchronized 647 

emergence/annihilation with the LET state and features identical electric field dependence, as 648 

shown in Supplementary Figure 2. Both peaks are associated with the doped electron localized at 649 

the M site. As a result, these two emergent excitations form a pair of optical probes capable of 650 

detecting a single, localized doped electron in the MoSe2 layer. 651 
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 652 
Supplementary Figure 2 | LET vs HET. (a) Peak intensity of the low-energy moiré trion (LET) 653 
state in the doping and vertical electric-field two-dimensional parameter space. (b) Peak intensity 654 
of the high-energy moiré trion (HET) state in the doping and vertical electric-field two-655 
dimensional parameter space.656 

a b
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Additional electron-localization switching behaviors in H-type moiré 657 

superlattices 658 

Using the emergent exciton as an optical probe, we extend the study of electron localization 659 

to the regime of n/n0 = 3 to 4, where the moiré trion signal is no longer present. The left panel in 660 

Supplementary Figure 3a shows the two-dimensional intensity plot of the emergent exciton, which 661 

continues to exhibit switching behavior. Supplementary Figure 3b shows the doping-dependent 662 

RC spectrum under negative (left) and positive (right) electric fields. Notably, a new lower-energy 663 

peak emerges, exhibiting a well-defined magnetic circular dichroism (MCD) signal, as shown in 664 

Supplementary Figure 3c. The two-dimensional intensity plot of this new peak is displayed in the 665 

right panel of Supplementary Figure 3a. It reveals a complementary pattern to that of the emergent 666 

exciton (EX) state. We therefore attribute this new feature to the trion state associated with the EX 667 

state, here referred to as the emergent trion (EXT) state, which becomes active when three 668 

electrons occupy the M site. 669 

Supplementary Figure 4a shows the two-dimensional map of the EX intensity in device 670 

D2, which has a larger electric field range. The blue arrow denotes the electron-localization 671 

switching we observed in D1 at 3 < n/n0 < 4 (Supplementary Figure 3a). The red arrow, however, 672 

denotes a new electron-localization switching at 2 < n/n0 < 3 under a large negative electric field. 673 

With a large negative electric field, the third doped electron prefers to stay in the MoSe2 layer and 674 

fills the c2 band, which is also localized at the M site. As a result, the EX intensity decreases. It is 675 

worth noting that although EX intensity decreases under both large positive and negative electric 676 

fields at 2 < n/n0 < 3, the underlying electron configuration is totally different for the two switching 677 

behaviors. 678 

In summary, we have the following additional electron-localization switching behaviors: 679 
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(1) 2 < n/n0 < 3: By further increasing the electric field in the negative direction, we can 680 

put three electrons at the M site, leading to the potential formation of a quantum many-body 681 

complex, such as the Wigner molecule state. 682 

(2) 3 < n/n0 < 4: At n/n0 = 3 with a moderate electric field, the energetically stable 683 

configuration is two electrons forming a spin-singlet at the M site, and one electron occupying the 684 

W site. The additional doped electron can be switched between the W and the M sites by occupying 685 

the second moiré conduction band (c2 band), which is also localized at the M site. 686 

 687 
Supplementary Figure 3 | Electron-localization switching at 3 < n/n0 < 4 in H-type 688 
MoSe2/WS2 moiré superlattices. (a) Left: Peak intensity of emergent moiré exciton (EX) in the 689 
doping and vertical electric field two-dimensional parameter space at 3 < n/n0 < 4. Right: Peak 690 
intensity of emergent trion (EXT) in the doping and vertical electric field two-dimensional 691 
parameter space at 3 < n/n0 < 4. (b) Experimental reflection contrast spectrum of MoSe2/WS2 692 
moiré superlattices with electron doping ranging from n/n0 = 3 to 4 under a negative (left) and 693 
positive (right) electric field, respectively (zoom-in of Figures 1f and 1g in main text). The blue 694 
arrow indicates the EXT state. (c) The magnetic circular dichroism (MCD) spectrum 695 
corresponding to (b). 696 
 697 

a

b
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 698 
Supplementary Figure 4 | Additional electron-localization switching behaviors in H-type 699 
MoSe2/WS2 moiré superlattices. (a) Peak intensity of emergent moiré exciton (EX) in the 700 
doping and vertical electric field two-dimensional parameter space in device D2. The red arrow 701 
denotes the additional electron-localization switching behaviors at filling 2 < n/n0 < 3 under a 702 
large negative electric field, in which case the original three-electron configuration under a 703 
moderate electric field is no longer stable. Blue arrow denotes the electron-localization switching 704 
behaviors at filling 3 < n/n0 < 4, consistent with Supplementary Figure 3a. (b) Schematic 705 
showing the charge-transfer process indicated by the red arrow in (a). The transparent electron 706 
denotes an electric-field-switchable electron. (c) Schematic showing the charge-transfer process 707 
indicated by the blue arrow in (a). The transparent electron denotes an electric-field-switchable 708 
electron.709 

a b c
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Electron localization of n/n0 = 3 charge-transfer state in R-type MoSe2/WS2 710 

moiré superlattices 711 

Here we analyze the possible electron localization for the n/n0 = 3 charge-transfer process 712 

in R-type MoSe2/WS2 moiré superlattices introduced in the main text. The n/n0 = 3 transition 713 

appears at '#,= ≈ 0.28 V/nm. As we show in the main text, at the field below '#,=, the MoSe2 side 714 

shows a strong EX resonance at n/n0 = 3, while when the field is above '#,=, the EX state switches 715 

to the LET state. Here, we also include the RC spectrum on the WS2 side. In Supplementary Figure 716 

5a, the RC spectrum on the WS2 side shows a well-defined exciton resonance at around 2.02 eV 717 

(pointed by the red arrow) and a trion resonance at a lower energy around 2 eV (pointed by the 718 

blue arrow). Supplementary Figure 5b further shows the intensity map of the WS2 trion across the 719 

same doping and field range as in the main text (Figure 3d). The WS2 trion persists for electric 720 

fields either below or above '#,=, indicating that there is always one electron in the WS2 layer 721 

across the applied electric field range at n/n0 = 3. 722 

Therefore, the n/n0 = 3 charge-transfer process occurs with EX switching to LET on the 723 

MoSe2 side, while the WS2 trion remains unchanged. This scenario gives rise to two possible 724 

charge-transfer pathways, as illustrated in Supplementary Figures 5c and 5d. Specifically, one of 725 

the two electrons occupying the M site can either transfer to the singly occupied W site or to the 726 

unoccupied BMo/S site (denoted as the W’ site). 727 

The first transfer pathway requires a critical electric field '#,=
B
	~	(Δ" − * + *C)/(%&), 728 

while the second requires '#,=
D
	~	(Δ5 − * + bC)/(%&). The difference between these critical 729 

electric fields is given by Δ'#,=	 = '#,=
D
− '#,=

B
∼ (Δ5 − Δ") − (*C − bC), where Δ"	(Δ5) denotes 730 

the potential energy difference between the BSe/W (BMo/S) stacking, c10 (c24) band, in the WS2 layer 731 

and the AA stacking, c1 band, in the MoSe2 layer. Here, *C represents the on-site Coulomb 732 
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repulsion at the BSe/W stacking site, and bC denotes the Coulomb interaction between BSe/W and 733 

BMo/S sites in the WS2 layer. 734 

From DFT calculations, the c24 band is approximately 45 meV higher than the c10 band, 735 

implying Δ5 − Δ" ∼ 45 meV. The critical field required for the n/n0 = 2 charge-transfer process is 736 

approximately Δ" − *!. If the second pathway were energetically favored, the additional field 737 

required to reach the n/n0 = 3 state would be (Δ5 − Δ") + bC > 45 meV. However, experimentally, 738 

the increase in electric field from the n/n0 = 2 to the n/n0 = 3 charge-transfer transition is small 739 

(less than 0.1 V/nm), corresponding to an energy scale of roughly 25 meV (we use J*%+J"'*%+ =740 

J)!FJ"')!F, '*%+ ≈ (B) − B%)/(2&), and Δ = %')!F&)!F, assuming a heterobilayer vertical 741 

distance of &)!F ≈ 0.5 nm and effective out-of-plane dielectric constants J*%+ = 3.5 and J)!F =742 

7). Since this value is significantly smaller than the estimated lower bound, we conclude that the 743 

second transfer pathway is energetically unfavorable. 744 

Alternatively, if the first transfer pathway is favored, the required field energies follow the 745 

hierarchy: the n/n0 = 1 transition occurs at approximately Δ", the n/n0 = 2 transition at Δ" − *!, 746 

and the n/n0 = 3 transition lies in between, i.e., Δ" − * < Δ" − *! + *C < Δ". This implies *C <747 

*!. Given Δ" ∼ 100 meV and that the critical field for the n/n0 = 2 transition is about 0.26 V/nm 748 

(corresponding to an electron energy of ~ 65 meV), we estimate *! ~ 35 meV, which leads to 749 

*C < 35 meV. Consequently, *C − bC must be much smaller than 45 meV (likely in the sub-750 

meV range), yielding Δ'# = '#D − '#B > 0, consistent with the first pathway being energetically 751 

favored. 752 

We therefore conclude that, for the n/n0 = 3 charge-transfer state, the most likely electron 753 

configuration corresponds to the case where one of the two electrons initially occupying the M site 754 
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transfers to the singly occupied W site. This results in a singly occupied M site and a doubly 755 

occupied W site (Supplementary Figure 5c). 756 

 757 
Supplementary Figure 5 | Schematics of two electron-localization configuration candidates 758 
for the n/n0 = 3 charge-transfer state in R-type MoSe2/WS2 moiré superlattices. (a) RC 759 
spectrum of the WS2 layer at E = 0.22 V/nm. The blue arrow denotes the moiré trion state of 760 
WS2 at n/n0 = 3. (b) Doping-field 2D map of the peak intensity of WS2 trion state. (c) Electrons 761 
are switched between the M and the W sites. (d) Electrons are switched between the M and the 762 
W’ site.763 
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Electric field polarization curve in the noninteracting model 764 

In a two-state model without interactions, the LET intensity is given by 765 

 766 

at filling 1 < n/n0 < 2, where N is the total number of moiré supercells, N1 is the number of moiré 767 

supercells with two electrons at the M site, Ne is the number of additionally doped electrons from 768 

n/n0 = 1, 9 = hG/h = n/n" − 1 represents the doping level away from n/n0 = 1, and '5/, =769 

'" ± (%'ℎ − Δ)/2 denote energies of the M and the W sites at electric field E, respectively. E0 is 770 

the mid-point energy used in the intermediate calculations and does not show up in the final 771 

expression. Supplementary Figure 6 shows examples of electric field polarization curves for LET 772 

and EX and the corresponding fitting results using the above parametric formula.773 
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 774 

Supplementary Figure 6 | Electric field polarization curve in H-type MoSe2/WS2 moiré 775 
superlattices. (a) LET intensity as a function of electric field and its corresponding fitting at n/n0 776 
= 2. (b) EX intensity as a function of electric field and its corresponding fitting at n/n0 = 2.777 

LET EX

a b
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Theoretical calculations 778 

Structural Reconstruction: Aligned bilayer superlattices of MoSe2/WS2 were constructed at 0° 779 

and 60° with the TWISTER code1. Experimental lattice constants of 3.28 Å for MoSe2 and 3.15 Å 780 

for WS2 were used. Classical force fields parametrized against van der Waals-corrected density 781 

functional theory (DFT) data were employed to relax the moiré superlattices. The Stillinger-782 

Weber2 and Kolmogorov–Crespi3,4 potentials were used to describe intralayer and interlayer 783 

interactions, respectively, as implemented within the LAMMPS package5. 784 

 785 

Density functional theory: Density functional theory (DFT) calculations6 of the reconstructed 786 

MoSe2/WS2 moiré superlattice were performed with the SIESTA code7. The exchange-correlation 787 

effects were treated using generalized gradient approximation following the Perdew-Burke-788 

Ernzerhof (PBE) implementation8. Fully relativistic norm-conserving pseudopotentials9,10 were 789 

employed to describe the interactions between valence electrons and ions. The self-consistent 790 

ground-state charge density was obtained by j point sampling of the moiré Brillouin zone. The 791 

charge density was then used to construct the DFT Hamiltonian at arbitrary k-points across the 792 

moiré Brillouin zone, yielding the band structure and wavefunctions needed for subsequent 793 

excited-state calculations. Spin-orbit coupling was explicitly included in all calculations. 794 

 795 

Pristine unit-cell DFT calculations for the MoSe2 layer were performed using the Quantum 796 

Espresso package11 using identical pseudopotentials and exchange-correlation functional to the 797 

SIESTA calculations. The single-particle Kohn-Sham states were expanded in plane waves with a 798 

kinetic-energy cutoff of 40 Ry. The Brillouin zone was sampled with a 12×12×1 k-point grid to 799 

obtain the ground state charge density in an SCF cycle. 800 
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GW-BSE: DFT reasonably describes the band dispersions but underestimates the bandgap. To 801 

correct the bandgap, we evaluated the quasiparticle energies within the GW self-energy 802 

approximation12 for monolayer MoSe2, as implemented in the BerkeleyGW package13. The DFT 803 

conduction bands of the reconstructed moiré superlattice were rigidly shifted using the resulting 804 

GW correction to the band gap at the K point. The static dielectric function J and screened 805 

Coulomb interaction k were evaluated within the random phase approximation, employing a 806 

plane-wave energy cutoff of 35 Ry and ~ 5000 unoccupied states. Extension of the dielectric 807 

function to finite frequencies was performed using the Hybertsen-Louie generalized plasmon-pole 808 

model12. The Coulomb potential was truncated in the out-of-plane direction to exclude the spurious 809 

effects of periodic images14. Convergence of the q-point sampling was enhanced through the 810 

nonuniform neck subsampling (NNS) technique15. 811 

 812 

Electron-hole correlations were explicitly treated by the electron-hole interaction kernel in the 813 

Bethe–Salpeter equation (BSE)16. Brute force computation of the moiré electron-hole kernel is 814 

computationally intractable due to the large dimensionality of the moiré electronic wavefunctions. 815 

Therefore, the pristine unit-cell matrix projection (PUMP) method17,18 was employed, which is 816 

described in detail below. PUMP is used to construct the moiré superlattice kernel by expressing 817 

it as a coherent linear combination of multiple pristine unit-cell kernel matrix elements. The BSE 818 

Hamiltonian for the reconstructed MoSe2 superlattice was constructed using 24 valence and 24 819 

conduction bands, with 3×3×1 sampling of the moiré Brillouin zone. These moiré wavefunctions 820 

were expanded in terms of 48 valence and conduction states of the pristine superlattice. 821 

 822 
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Screening was obtained for an AA-stacked MoSe2/WS2 heterobilayer in the primitive unit-cell to 823 

account for the effects of both the layers. The interlayer spacing was chosen to be 6.6 Å which is 824 

the average interlayer spacing found in the moiré superlattice. The static dielectric matrix, to 825 

compute the unit-cell kernel matrix elements was expanded in plane waves up to 4 Ry and 364 826 

unoccupied states. These pristine unit-cell kernel matrix elements were used to construct the moiré 827 

BSE Hamiltonian (more details below) which was diagonalized to obtain the exciton energy levels 828 

ΩH and the exciton envelope function mIJ9
H . We then compute the imaginary part of the dielectric 829 

function, J,(n) and the absorption m(n) (Supplementary Figure 9). In the weakly absorbing limit, 830 

the absorption is expressed as m(n) =
3!(K)K:

I  where & is the sample thickness equal to the average 831 

bilayer thickness of 9.8 Å. 832 

 833 

Pristine unit-cell matrix projection method: To obtain the moiré excitonic states, we solve the 834 

BSE: 835 

 VE#L
MN
− EOL

MN
XA#OL

H
+ A qrOL

HP
r#L
HP
sK

G*
srJ%Q%

HP
rI%Q%
HP

uAI%J%Q%
H

J%I%9%
= ΩHA#OL

H
, (1) 

where ERL
MN denotes the quasiparticle eigenvalues, rRL

HP are the superlattice wavefunctions, A#OL
H  and 836 

ΩH are the exciton eigenfunctions and eigenvalues, respectively. The indices v, c, k, correspond to 837 

the valence band index, conduction band index, and crystal momentum, respectively. The electron-838 

hole interaction kernel KG* comprises an attractive direct term involving the screened Coulomb 839 

interaction and a repulsive exchange term. Evaluation of the kernel matrix elements scales as N⁵ 840 

with system size, making this a computational bottleneck for large moiré superlattices. The pristine 841 

unit-cell matrix projection (PUMP) method reformulates this problem by expressing moiré kernel 842 
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as a linear combination of pristine unit-cell kernel matrix elements, yielding a substantial reduction 843 

in computational cost. 844 

 845 

In the PUMP method, the superlattice electronic wavefunctions are expanded in the basis of 846 

primitive unit-cell electronic states. Each valence (|rOL
HP
⟩) and conduction (|r#L

HP
⟩) state in the 847 

reconstructed MoSe2 superlattice is expressed as a linear combination of many states of the pristine 848 

MoSe2 superlattice: |rOL
HP
⟩ = ∑ !&

OL
|Φ&L

OST
⟩& , |r#L

HP
⟩ = ∑ !&

#L
|Φ&L

#URV
⟩& , where Φ&L

OST and Φ&L
#URV refer to 849 

the pristine superlattice wavefunctions of the valence and conduction states, respectively. The 850 

pristine superlattice states are in turn related to states in the primitive unit-cell BZ via band folding. 851 

We approximate each electron-hole interaction moiré kernel matrix element, KG*,  of the BSE as 852 

a coherent sum over many pristine unit-cell kernel matrix elements, 853 

 qrOL
HP
r#L
HP
sK

G*
srO%L%

HP
r#%L%
HP

u  

 ≈ A!&
OL∗
!'
#L∗
!XOL!Y#LqΦ&L&

OST
Φ'L&
#URV

s

&'XY
K
G*
xΦXL&%

OST
ΦYL&%
#URV

y, (2) 

 ≈ A!&
OL∗
!'
#L∗
!XOL!Y#L z{ZL'()

OST
{[L'(!
#URV

x

&'XY
K
G*
	 x	{\L'(*

OST
{(L'(+
#URV

y, (3) 

where |	and	~	are pristine valence band indices, �	and	Ä are pristine conduction band indices in 854 

the superlattice. The pristine states |Å], �Å], ~Å]$ 	and	ÄÅ]$  in the superlattice BZ are related to 855 

ÇÅ^#5 , ÉÅ^#, , ÑÅ^#= 	and	DÅ^#1  in the unit-cell BZ by band folding, respectively. The kernel in eqn. 2 856 

corresponds to the pristine supercell matrix element, while the kernel matrix elements in eqn. 3 857 

refers to the pristine unit-cell matrix element. 858 

 859 



 40 

Moiré emergent exciton (EX) state: The EX peak appears in the optical spectrum when two 860 

electrons occupy the M site, corresponding to a ground state in which the c1 band is fully filled. 861 

To determine the real-space distribution of this EX state (Supplementary Figure 10), we construct 862 

the moiré kernel (eqn. 2) after excluding contributions from the c1 moiré states. In this procedure, 863 

we retain the same screened Coulomb interaction k, neglecting changes in screening 864 

corresponding to the removal of the c1 band. 865 
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 866 
Supplementary Figure 7 | Out-of-plane electron density of H-type MoSe2/WS2 moiré 867 
superlattices. c1 and c2 bands are localized in the MoSe2 layer; c7 and c20 bands are the first two 868 
lowest energy conduction band states derived from the K valley that are localized in the WS2 layer. 869 
 870 

 871 
Supplementary Figure 8 | Out-of-plane electron density of R-type MoSe2/WS2 moiré 872 
superlattices. c1 and c2 bands are localized in the MoSe2 layer; c10 and c24 bands are the first two 873 
lowest energy conduction band states that are derived from the K valley of the WS2 layer. We 874 
observe some mixing of the c10 and c24 bands with the MoSe2 states in the R-type configuration. 875 
 876 
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 877 
Supplementary Figure 9 | Calculated absorption spectrum. Absorption spectrum of H-type 878 
MoSe2/WS2 moiré superlattices, calculated using first-principles GW-BSE calculations with the 879 
PUMP method. 880 
 881 

 882 
Supplementary Figure 10 | Real-space map of the EX state in H-type MoSe2/WS2 moiré 883 
superlattices. The plot shows the electron density of the exciton, |\(]?, ]@)|,, for fixed hole 884 
positions ]@ (red dot) in the moiré superlattice.885 

M1

M2

M3

M4

AB

BMo/W BSe/S



 43 

References 886 

1. Saismit Naik et al. Twister: Construction and structural relaxation of commensurate 887 
moiré superlattices. Computer Physics Communications 271, 108184 (2022). 888 

2. Frank H. Stillinger, and Thomas A. Weber. Computer simulation of local order in 889 
condensed phases of silicon. Physical Review B 31, 5262 (1985). 890 

3. Aleksey N. Kolmogorov, and Vincent H. Crespi. Registry-dependent interlayer potential 891 
for graphitic systems. Physical Review B 71, 235415 (2005). 892 

4. Mit H. Naik et al. Kolmogorov-Crespi potential for multilayer transition-metal 893 
dichalcogenides: capturing structural transformations in moiré superlattices. The Journal 894 
of Physical Chemistry C 123, 9770-9778 (2019). 895 

5. Aidan P. Thompson et al. LAMMPS-a flexible simulation tool for particle-based 896 
materials modeling at the atomic, meso, and continuum scales. Computer Physics 897 
Communications 271, 108171 (2022). 898 

6. Walter Kohn, and Lu Jeu Sham. Self-consistent equations including exchange and 899 
correlation effects. Physical Review 140, A1133 (1965). 900 

7. José M. Soler et al. The SIESTA method for ab initio order-N materials simulation. 901 
Journal of Physics: Condensed Matter 14, 2745 (2002). 902 

8. John P. Perdew, Kieron Burke, and Matthias Ernzerhof. Generalized gradient 903 
approximation made simple. Physical Review Letters 77, 3865 (1996). 904 

9. D. R. Hamann. Optimized norm-conserving Vanderbilt pseudopotentials. Physical 905 
Review B 88, 085117 (2013). 906 

10. Michiel J. Van Setten et al. The PseudoDojo: Training and grading a 85 element 907 
optimized norm-conserving pseudopotential table. Computer Physics Communications 908 
226, 39-54 (2018). 909 

11. Paolo Giannozzi et al. QUANTUM ESPRESSO: a modular and open-source software 910 
project for quantum simulations of materials. Journal of Physics: Condensed Matter 21, 911 
395502 (2009). 912 

12. Mark S. Hybertsen, and Steven G. Louie. Electron correlation in semiconductors and 913 
insulators: Band gaps and quasiparticle energies. Physical Review B 34, 5390 (1986). 914 

13. Jack Deslippe et al. BerkeleyGW: A massively parallel computer package for the 915 
calculation of the quasiparticle and optical properties of materials and nanostructures. 916 
Computer Physics Communications 183, 1269-1289 (2012). 917 

14. Sohrab Ismail-Beigi. Truncation of periodic image interactions for confined systems. 918 
Physical Review B 73, 233103 (2006). 919 

15. Felipe H. da Jornada, Diana Y. Qiu, and Steven G. Louie. Nonuniform sampling schemes 920 
of the Brillouin zone for many-electron perturbation-theory calculations in reduced 921 
dimensionality. Physical Review B 95, 035109 (2017). 922 

16. Michael Rohlfing, and Steven G. Louie. Electron-hole excitations and optical spectra 923 
from first principles. Physical Review B 62, 4927 (2000). 924 



 44 

17. Mit H. Naik et al. Intralayer charge-transfer moiré excitons in van der Waals 925 
superlattices. Nature 609, 52-57 (2022). 926 

18. Hongyuan Li et al. Imaging moiré excited states with photocurrent tunnelling 927 
microscopy. Nature Materials 23, 633-638 (2024). 928 


