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Figure S1. Samples and spectral mapping. a, Optical image of CVD-growth 30° twisted MoS»

homobilayer (30°-THS). b-¢, PL (b) and Raman (¢) mapping of 30°-THS with a central energy of

1.936 eV (HIXX) and central wavenumber of 407 cm™! in the broaden of 17 meV and 13 cm’!,

respectively. In b, the PL intensity of HIX) is uniformly distributed across 30°-THS sample. d,

Samples of 0° and 60° twisted MoS, homobilayers (0°-THS and 60°-THS). e, f, PL (b) and Raman
(¢) mapping of 0°-THS and 60°-THS with a central energy of 1.825 eV and central wavenumber of

407 cm! in the broaden of 23 meV and 13 cm’!, respectively.

Supplementary Note 1: Zeeman splitting in hybridized interlayer exciton

The magnetic moments contributing to the Zeeman splitting in K/-K valley of TMDCs mainly

I¢ks

include spin, orbital, and valley contributions!. The total magnetic moment "' can be written as:

Iéks I&x &k (1)

H = lué;in + /uOrbital + luValley
where [=1,2,¢& =v,c(valence band v and conduction band c¢),x =k,—k, and s :T,erresent the

layer, band, valley, and spin indexes, respectively. The spin magnetic moment is given by
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,ugjm =g.s.u,, with g ~2 for electron factor* and s, = +%,—%for T4, thus ,ué;m ~tu,. For
excitons involving spin-single transition, the Zeeman splitting caused by spin magnetic moment have
same shifts for valence and conduction bands and these shifts cancel out under a magnetic field.>>
Therefore, the spin magnetic moment does not contribute to the effective Zeeman effect for exciton
in same spin transition. It notes that spin-triplet transitions, such as dark exciton®’” and triplet
interlayer exciton??, are influenced by the spin Zeeman effect, leading to larger Zeeman shifts.

For the orbital magnetic moment, since the conduction bands in K/-K valley are mainly
contributed by dz? orbital,® its Zeeman splitting is small and negligible.! Consequently, the orbital
contribution to the Zeeman effect is dominantly attributed to the valence band. Its magnetic moment
is givenby . =2 u,, where + denotes orbital magnetic moment at —K or K valley. For excitons
involving K/-K transitions, the Zeeman shifts contributed by the orbital magnetic moment under
magnetic field are —4u,B.

Furthermore, due to the interaction between the valley magnetic moment and magnetic field, the

valley magnetic moment yg;‘”ey = ka1, also contributes to the Zeeman splitting,' where x =71

m . .
for +K valley and a° =—2for the effective mass of valence and conduction bands. We use the
m
¢

calculated effective mass m,, =0.54m,, m,, =0.61m,, m,, =0.47m,, and m., =0.44m, (&1 and

c

£2 represent the first and second valence or conduction bands) for monolayer MoS,.” Therefore, the
orbital magnetic moments for the valence and conduction bands are ,u;i”ey =19u,, ,u{jil,ey =2.1u,,
y;jlley =1.64,, and y;j,,ey =2.3u,. For intralayer A and B transition, the total orbital magnetic

moments in K valley have values of —0.24,and —0.7x,, respectively. Nevertheless, the orbital

magnetic moments of —0.2u, (-0.7u;) and 44,(3.9u;) are found in the R-type and H-type
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stacked MoS: bilayer for interlayer A (B) transition, respectively.
Summarizing these three magnetic moments contribution, the theoretical estimated Zeeman

splitting is given by:

AE, =E—E (= _2!‘5/;1-”3 =2 i B~ 2luljizlleyB =—3.644;B

AE,=E,—E  ==2ug. B=2up,..B=2u,,,B=-2.64,B

()
AE,, =E —E , ==2puc. B—=2ptp0. . B=2pt, B=—12,B
AE,, =Ey—E , =2puge B—2u0B—24t5,, B=—11.8,B

Here, the interlayer exciton of H-type MoS; are considered. The calculated g factors for A exciton are
in agreement with the experimental results of ~-41%!! or ~-312, but deviate the experimental results of
~-2313 in monolayer or bilayer MoS:. These different experimental results potentially arise from
differences in the samples, many-body interactions or non-single exciton contributions,*!* which
implies the sensitivity of the g-factor to the band structure. In our measurements, the g factors scatter
from -2.4 to -11.5, which shows twisted-angle dependence, with values of -6.9 for 0°-THS, -11.5 for
30°-THS, and -2.4 for 60°-THS (Figure S2). The precise relationship between the g-factor and the
twisted angle is not yet understood, and there are no systematic studies directly addressing this,
suggesting the need for further investigation. One potential origin is the change in the band structure

due to the twisted angle in homobilayer. for example, in H-type MoS;, the valence bands for different

layers are degenerate, whereas in R-type MoS,, the bands are non-degenerate.!*
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Figure S2. Zeeman splitting in twisted MoS: homobilayer. a-¢ Zeeman splitting as a function of

magnetic field for 0°-THS (a), 30°-THS (b), and 60°-THS (¢), showing different g-factors. Points are

the experimental measured values, while solid lines represent the fitting results using AE = gu,B.

Unlike the intralayer exciton in moiré quasicrystal, the coupled interlayer A exciton has a minor
Zeeman effect with a splitting of ~0.4 meV under 9 T magnetic field. To understand this abnormal
Zeeman effect, we employ the phenomenological model developed by Lorchat et. al..* Considering
the simplified model, the Bloch equations for only A exciton P? and interlayer exciton P is:

(hw—&")P* = A+nP" (3)
(ha)—ng)PLX =nP’ 4)
where ¢’ =E"+g B.and ¢” =E" + g, B. represent the energy at a field and 7 is the coupling
strength between intralayer and interlayer exciton. Moreover, between A and IX, there are an energy

difference Q (detuning energy), i.e. E™ = E* +Q). Upon the A coupled IX, the energies have the

formation:

4 a4 ix)? _ B -0 2
(ha))Jr:g +& i\/(8 & ) +772:EA+%+gA';gIXBZi\/((gA g]);) z ) +772 (5)

Here, + denote the detuning A transition and IX transition, respectively. Therefore, the effective g

factor is:



r + —g,,)Q
g =0, (ho). | = Bt 810) L (84810 (6)
2 41/ 2+ o
7 4
This equation suggests that the effective g factor of HIX) is correlated to the coupling strength
n and detuning Q. The Q can be controlled by the electronic field, leading to variation of g

assuming the electronic field minor effect on 7. In 2H-MoS; and 2H-MoSe: bilayer, the g-factor can

be tuned from 4.2 to 7° and from -1.9 to 11.8'° under an electronic field, respectively.
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Figure S3. Effective g factor in hybridized interlayer exciton. Effective g factor (g¢) as a function
of coupling strength 7 with the parameters of g,=-11.5, g,=-84, g, =12, and
Q=-0.04eV . Blue and purple points represent the g% of HIX) and HIX}, respectively. Red

stars represent our experimental measured g factor of HIX} and HIX} , which locate at 7 of

0.0274 and 0.032 meV.

To obtain the 7 between intralayer and interlayer excitons, we set a fixed value to Q due to



absent of the electronic field. Here, the experimental measured g4 (-11.5) and gz (-8.4), theoretical
estimated grx (12), and Q =-0.04eV are used. Figure S3 shows the calculated g% with varying
coupling strength 77. It exhibits pure g factor of A and B excitons in the absent of the coupling of
intralayer and interlayer excitons. Our measured g factors of HIXX' (-0.6) and HIX“BA (-3.5) fall on
these curves with 7=0.274 and 7 =0.033meV, respectively. These results indicate the reduced
Zeeman splitting when the exciton forms a hybridized state, which nearly eliminates the Zeeman

effect in moiré quasicrystal.

Supplementary Note 2: Magnetic-field-dependent valley polarization of
hybridized interlayer exciton

The Hamiltonian of the hybridized interlayer exciton can be expressed as follows, considering
the strong coupling between the intervalley electron-hole exchange interaction and valley

pseudospin':

212

h k ' * *
M + V (k) + é/‘F V;ntervalley (k) + é/—V intervalley (k) + é/‘F I/;nterlayer (k) + é/—V interlayer (k) (7)

0

st = ha, +

where fiwyand Mo are the HIXMs energy at A=0 and mass, respectively. V'(k)is the intravalley

electron-hole exchange, and £ is the distance between K and I" point in the first Brillouin zone. The

intervalley electron-hole exchange (k)=V(k)e™ with the Pauli matrix ¢ , and

I/intervallley

k=(k,k,)=(kcos,ksin®)is the center-of-mass wavevector. Since HIX™s in moiré quasicrystal

have interlayer component, electron-hole exchange interaction involves interlayer exchange

I/in'rerlayer (k) :
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Figure S4. Hybridized exciton energy spectra under magnetic field. a-b, Valley-orbit coupled
exciton dispersion spectra of HIX) (a) and HIX} (b) under B<O (left panel), B=0 (medium

panel), and B>0 (right panel). The purple and pink in exciton dispersion represent the K and —K valley,
respectively, while the green and orange denote superposition of K and —K valley. Purple and pink
arrows represent valley-flipping and valley-conserving processes during forming the valley exciton
with valley-conserving and valley-flipping rate of y1 and y2, respectively. r is the valley depolarization

rate in the exciton ground state before recombination. These schematic diagrams are displayed under

o’ excitation.

Similar to the neutral A (or B) exciton, the exciton dispersion splits into steeper and flatter
branches due to strong electron-hole exchange (Figure S4), corresponding to smaller and larger

momenta requirements, respectively.! In the absent of field, these two braches touch at the cone, with
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the valley-conserving rate y1 and valley-flipping rate y> during exciton formation and the valley
depolarization rate r in the exciton ground state. For the neutral exciton, the valley-flipping process
during exciton formation dominants the valley depolarization. When a magnetic field is applied, the
degenerates are lifted due to Zeeman effect with the contrary occupancy to lower and upper branches
for the K and -K valley exciton in the B>0 and B<O0, leading to the larger (smaller) y»/y: at B<0 (B>0)
than at the absent of field under ¢" excitation and the “X” shape magnetic-field-dependent valley
polarization for neutral exciton (details see Ref.1). However, due to the inclusion of interlayer
intervalley contributions, the exciton dispersions of HIXMs are not only affected by the single factor
(intralayer and interlayer contribution), resulting in the different case.

For HIXMs, the valley-conserving and valley-flipping rate can be descripted by corresponding

rates of the intralayer neutral exciton and interlayer hybridized degree, that is, ™ =a,y*

HIXY _ HIXY _ HIXB

(7, aBQ/IB X ) and y, = ,BA}/2 ;{2 7, = ,BB;/2 ;{2 ), where 7{ and 7/; represent valley-

conserving and valley-flipping rates for corresponding excitons, respectively. «,f, and y are the
valley-conserving and valley-flipping coefficient and hybridized degree, respectively. For HIX),
magnetic field leads to the increase in 71A and ;(IA (due to approaching valley band), while a decrease
of yiand y.', under B<0 and c" excitation. These are interchanged under B>0. Therefore, it has

M M XM
’\(B<0 o) n 2 (B=0,07) A(B>O o) .
5 1.€.

“‘XA (B<0,57) yf‘XA (B=0,5") yZHIXA (B>0,07)

AW 278 ((B<0,07) @i x (B=0,07) a1 (B>0,07) resulting in the “X” shape. However, for
ﬂAyZ X2 (B<0 o) ﬂA}/Z/-L/Z (B=0,07) :BA7212 (B>0,07)

B

HIX}, they have smaller conserving-flipping ratio 7—18 under B<O0 than that at B=0 due to adverse

72

)(1
Zz

spin relative to A transitions. But “still increases under B<0 than that at B=0, since the valley

10



Zeeman effects do not change the sign for different spin-state excitons (from same valley). When

B B
B>0, the 7/—1B increases and Z—leecreases. These lead to moderate magnetic field effect for HIX}, .
72 Ve

(3% +3i+0.5)
Tables S1. Commensurate angles calculated by cos(6)=-—————- with integer / and
(31‘ +3i+1)
twisted angle 0.
i 1 2 3 4 5 6 7 8 9 10

g(°) 218 13.2 94 7.3 6.0 5.1 4.4 3.9 3.5 3.2

0, (°) 2.9 2.6 2.5 23 2.1 2.0 1.9 1.8 1.7 1.6

Supplementary Note 3: Interlayer hybridized excitons in natural 2L MoS:

For natural MoS; bilayers, the interlayer hybridized excitons (HIX) have been observed®!416-19
due to allowable hole interlayer tunneling.®?® These HIXs are formed by interlayer A exciton
hybridizing the B exciton, resulting in an anticrossing between HIX and B excitons and splitting of
B exciton under an electric field.!” Moreover, due to hybridization with the B exciton, the sign of g-
factor for HIX is opposite to the intralayer excitons.> The g-factor of HIX is reduced to around 4, as
result of the hybridization effects, and it can be enhanced to 7 when an electric field is applied to

detune the B exciton. These hybridization effects are not observed in R-stacked MoS: bilayers, which

lack interlayer tunneling due to prohibitive symmetry. The commensurate twist angle (Table S1) do
11



not brighten the direct interlayer exciton, since the restricted conditions are not broken. However, the
broken translational symmetry provides the possibility?!"?> by Umklapp process creating the
interlayer K and —K coupling, which brightens the interlayer excitons by hybridizing the intralayer
excitons. Our measured optical spectra of 11°-THS, 13.2°-THS, and 21.8°-THS (Figure 3 in main
text) confirm this point.

Furthermore, we calculated the band structures of THS at twist angle of 0°, 60°, 13.2°, and 21.8°
to understand the electronic structures of MoS: at different twist angle (Figure S5). We noted that the
band structures for 11°-THS and 30°-THS were not calculated due to the lack of periodic lattices. For
0°-THS, the band structure shows a splitting of the valence band at K point, which is not observed in
60°-THS. This splitting arises from the broken degenerate between top and bottom layers,'* with
energy differences of 36 meV and 33 meV for the first and second valence bands, respectively. For
13.2°-THS and 21.8°-THS, the bands from both the top and bottom layers are folded into moiré
Brillouin zone (mBZ), creating the folded bands. The flat band effects are significantly weakened
relative to that in small twist-angle homobilayers, with bandwidth of 238 meV and 480 meV for first

valence band, respectively.

12
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Figure SS. Density functional theory (DFT) calculated band structures. a-d, Structural diagrams
(top panels) and band structures (bottom panels) of twisted MoS; bilayers at twist angle of 0° (a), 60°
(b), 13.2° (¢), and 21.8° (d). The calculated band structures include the spin-orbit coupling (SOC).
The first and second valence bands of 0°-THS at K point are broken the degenerate, arising an energy

difference between top and bottom layers,'* which is contrary to the degenerate bands in 60°-THS.

Supplementary Note 4: Temperature-dependent PL spectra

We use the O’Donnell and Chen model®* to fit the PL peak positions with temperature:

E,(T)=E,(0)-S(ho) coth(gi—wT)j—l (8)

B

where E (0) and E,(T) represent the band gaps at temperature 0 K and T, respectively. S and
<ha)> are the dimensionless fitting parameter related to the strength of electron-phonon interaction
and the average phonon energy, respectively. The cosh term accounts for the phonon density at 7
temperature with Boltzmann constant k. The fitting results using this equation is in agreement with

our experimental measured data. The fitting parameters are shown in Table S2.
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Figure S6 shows temperature-dependent PL spectra of moiré quasicrystal, revealing a blueshift
PL energy, broadening of the full width at half maximum (FWHM), and a reduction in intensity.
Remarkably, HIX) and HIX} gradually shift towards the Xa and Xp peaks with increasing the
temperature, leading to a faster energy shift with temperature (Figure S6d). The energy difference
between HIX) (HIX} ) and Xa (Xg) decline gradually from ~70 (~85) to ~50 (~55) meV (Figure
Sée). This faster blueshift implies a possible energy detuning to Xa or Xg excitons. We rewrite

equation (5) at the absent of magnetic field:

E (D) =E,,,(T)+ Q(zT) + \/Q(j)z +n(T)* +c 9)

Here, the coupling strength 7 and detuning parameter (2 are the function of temperature, and c is
the correction constant. We assume that the coupling strength 7 remains constant with temperature,
and thus only Q(7) detune the energy of HIXMs. Using values of 7 =0.274 (0.032) meV obtained
from g factor (Supplementary Note 1) and ¢ = 0.1811 (0.0792) eV for HIX\ (HIX} ), the Q(T)

can be estimated based on our experimental data, as listed in Table S3. The corresponding energy of

HIXM is shown in Figure 4 of main text. The (7) decrease with increasing the temperature,

indicating the temperature detuning energy of interlayer exciton.
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Table S2. Fitting parameters of temperature-dependent PL peak positions in 30°-THS, 0°-THS,

60°-THS, 1L-MoS: using equation (8).

Xt XA HIXX[ XB HIXXI
Eg (0) 1.841 1.866 1.938 2.005 2.090
S 1.969 3.347 2.003 2.739 3.060
30°-THS
<ha)> 0.042 0.062 0.027 0.049 0.034
S*<ha)> 0.082 0.208 0.054 0.133 0.104
Eg(O) 1.857 1.892 2.020
0°-THS S 1.425 1.526 2.157
<ha)> 0.020 0.017 0.034
Eg(O) 1.855 1.888 2.039
60-THS S 2.226 2.180 2.020
<ha)> 0.032 0.028 0.029
Eg(O) 1.853 1.889 2.023
1L-MoS, S 1.852 2.009 2.754

<ha)> 0.031 0.025 0.055

15
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Figure S6. Temperature-dependent PL spectra of 30°-THS. a, PL spectra of 30°-THS at selected
temperature. The dotted lines show the trend of PL peaks with increasing the temperature. b-c, Peak
full width at half maximum (FWHM; b) and intensity (c) as a function of temperature. d, Energy
change with temperature. Hybridized excitons have a faster energy shift under high temperature

(beyond 100 K) than intralayer excitons that shows near consistent energy shift. e, Energy difference
between HIX) (HIX}) and Xa (X®), revealing a reduced energy distance with increasing the

temperature.
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Figure S7. Temperature-dependent PL spectra of 1L MoS;, 0°-THS, and 60°-THS. a-c, PL
spectra of 1L MoS: (a), 0°-THS (b), and 60°-THS (¢) at selected temperature. The dotted lines
represent the temperature-dependent peak shift. d-f, PL peaks energy for 1L MoS; (d), 0°-THS (e),
and 60°-THS (f) as a function of temperature, showing a red shift with increasing the temperature.
The points are experimental measured data, while the solid lines denote fitting results through

equation (8).
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Table S3. Detuning parameters Q) (eV) under different temperature according to equation (9)

and experimental data.

T (K)

Q(eV)

1.65-90

0.04

0.04

100

-0.052

-0.042

150

-0.062

-0.048

200

-0.07

-0.055

250 300
-0.072 -0.074
-0.06 -0.0635

0.05 "5 — —_
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Figure S8. Power-dependent PL spectra. a-d, Color plots of power-dependent PL intensity of 1L

MoS: (a), 0°-THS (b), 60°-THS (c), and 30°-THS (d). e-h, PL intensity as a function of power for

1L MoS: (e), 0°-THS (f), 60°-THS (g), and 30°-THS (h). The solid lines represent the fitting results

using [ oc P*, where o is the index parameter. Xa, Xr, and Xg exhibit typical free exciton with a~1.

For HIX) and HIX} inmoiré quasicrystal, their o values are also near 1 with slightly larger than

that corresponding intralayer exciton, indicating the free exciton feature.
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Figure S9. PL mapping in moiré quasicrystal under magnetic field. The magnetic field ranges

from -9 to 9 T. Integral PL intensity of HIX) located at 1.941 eV with 49 meV peak width was

collected. The zones of 30-THS show strong and averaged PL intensity under any measured magnetic

field, indicating the robustness of interlayer exciton in moiré quasicrystal under magnetic field.
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Figure S10. PL. mapping of THS with selected twist angle under magnetic field. a-c, PL mapping
of 11-THS (a), 13.2-THS (b), and 21.8-THS (c) under -9 (top panels), 0 (medium panels), and 9 T
(bottom panels) magnetic field. The magnetic field does not affect the appearance or disappearance

of hybridized interlayer exciton.

Supplementary Note 5: Moiré phonon in twisted MoS; bilayers
Certain phonon modes in moiré superlattice can be folded into zone center and activated in the
Raman spectra by moiré potential and folded effect, giving rise to the folded phonon in the Raman

spectra, which is named as moiré phonon.?> In twisted MoS> homobilayers, we observe a moiré

20



phonon at 416.0-410.4 cm™! in the Raman spectra of MoS; bilayers with twist angles ranging from
30° to 11°, which are not observed in 0°-THS and 60°-THS (Figure S11a). These Raman peaks are
consistent with the folded A1 (FA1,) modes reported in previous study.?

Figure S11b shows the angle-dependent Raman spectra. As the twist angle increases from 0° to
30°, the EJ g mode first increases and then remains steady, while Ajz mode first decreases and then
remains steady. As the twisted angles increase from 30° to 60°, the Raman shifts for E%g and Alg
show a decrease and increase, respectively. For the FAi, mode, the Raman shifts monotonously
decrease at the twist angle increases from 11° to 30° (Figure S11b). Furthermore, under a magnetic

field, moiré phonon FA 1y of moiré quasicrystal still exist as shown in Figure S12.

13.2
a b 417 — :
= Exl| A FA,
> | 60°-THS U _ 44} A,
g :
®© o FA =
8 | 30°-THS :
> g S a1 N
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g © 387 E;g — |
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) — 3841, . .
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Figure S11. Angle-dependent Raman spectra of twisted MoS: bilayers. a, Raman spectra of
twisted MoS; bilayers at certain twist angle in the wavenumber range of 350-450 cm™'. The Raman

peaks located at 411.5 cm™! is the folded A1 (FA1g) mode due to moiré folded effect. b, Raman shift
as a function of twist angle. As the twist angle increase from 0° to 60°, E3 g Raman peak experience

a process of first increasing, then maintaining stability and then decreasing, in contrary to A1z mode.

For FA1; mode, Raman shifts decrease for twist MoS: bilayer with the twist angle from 11° to 30°.
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Figure S12. Raman mapping of moiré quasicrystal under magnetic field. The Raman mapping is
integral Raman intensity of P1 center wavenumber of 411.5 eV with 4 cm™! peak width. The zones of

30°-THS show strong and averaged Raman intensity under any measured magnetic field.
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