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Table 1. The C3 quantum numbers of the conduction
and valence band Bloch functions at K for different rota-
tion centers. Here M is the transition-metal site, X is the

chalcogen site, and h is the hollow center of the hexagon
formed by M and X.
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Fig. 1. Interlayer coupling in bilayer TMDs: (a) Schematic
illustration of a bilayer TMDs with a twist angle 6, where
large blue (orange) circles stand for the transition-metal
atoms M’ (M) in the upper (lower) layer, small blue (or-
ange) circles are the chalcogen atoms X' (X) in the upper
(lower) layer. The lower part indicates an enlarged view of
unit cells in two layers. The zy-coordinate origin is set on
a transition-metal atom of the upper layer, and a nearby
transition-metal atom in the lower layer has the spatial co-
ordinate rg. (b) The upper- and lower-layer Brillouin
zones. (c¢) The values of |fo (r0)|, |f+ (ro)| and |f— (ro)]
in Eq. (14) as functions of r¢9 when the two TMDs lattices

are fully commensurate.
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Fig. 2. The interlayer coupling between two localized Bloch wavepackets in the moiré superlattice. (a) Schematic illustration of a
moiré superlattice with a period A when the twist angle is close to 0°. The diamond shape corresponds to a supercell. A, B and
C are three local regions with spatial extensions smaller than A but larger than the monolayer lattice constant \(a\), whose atomic
registrations are close to lattice-matched bilayer structures with interlayer translations ro (A) =0, 7o (B) = (a1 +a2)/3 and
r0 (C) =2 (a1 + a2)/3, respectively. (b) The variation of the interlayer translation 7o (R.) with the local region center R,
which satisfies 79 (R¢) = 79 + R — Rc. (c) Tuning the interlayer coupling between two S -type wavepackets localized at B with
external fields. Black straight arrows indicate the nonzero interlayer couplings related to the S-type wavepackets, while red (blue)
wavy arrows stand for o (o) circularly-polarized optical fields which can excite an S-type to a p+-type (P—-type) wavepack-
et. The relative energy position between the upper- and lower-layer wavepackets can be tuned by an interlayer bias.(d) A schemat-
ic illustration of how to move the — K valley S-type wavepackets from the lower- to upper-layer by applying a o1 circularly-po-
larized optical field. Meanwhile the +K valley wavepackets remain in the lower-layer. The wavepacket is localized by the moiré
potential at the region where two layers are in contact. We assume that the carriers in the lower-layer feel deep potential wells thus
cannot move, while those in the upper-layer feel shallow potential wells thus can move under the effect of an in-plane electric field,

which results in a valley current.
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Table 2. The C3 quantum numbers of S- and P*-type wavepackets localized at A, B and C in Fig. 2(a). Here we set the
rotation center as a transition-metal site M’ in the upper TMDs layer. Only those with the valley indices 7 = + and 7/ = +
are shown, while the cases for 7 = — and 7/ = — can be obtained by a time reversal.
\ FRE(T =4) FR(r=+)
it el / ; /
N P+ P~ S pt P-
A 0 +1 -1 0 +1 -1
c B 0 +1 -1 +1 -1 0
C 0 +1 -1 -1 0 +1
A -1 0 +1 -1 0 +1
v B -1 0 +1 0 +1 -1
C -1 0 +1 +1 -1 0
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Fig. 3. The interlayer charge redistribution effect: (a) Diagram of the Fermi level Er of the bilayer semiconductor TMDs or insulat-

or hBN; (b) the conduction and valence bands obtained from the p,-orbital tight-binding model for the monolayer hBN in the inset,

AR, ;3 corresponds to the three nearest-neighbor displacement vectors, and ¢ is the nearest-neighbor hopping; (c) the calculated

layer-polarization density in bilayer hBN as a function of the interlayer translation ro; (d) the atomic registries of bilayer hBN un-

der three different r¢, the upper (lower) parts correspond to the top-view (side-view). The dashed arrows denote the electron redis-

tribution from N to B atoms. Here the large blue (orange) circles stand for the N atoms in the upper (lower) layer, small blue (or-

ange) circles are the B atoms in the upper (lower) layer.
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SPECIAL TOPIC—Two dimensional twisted moir¢ superlattice

Position- and momentum-dependent interlayer couplings in
two-dimensional semiconductor moiré superlattices”

Guo Rui-Ping?  Yu Hong-Yi V2t
1) (Guangdong Provincial Key Laboratory of Quantum Metrology and Sensing, School of Physics and Astronomy,
Sun Yat-Sen University (Zhuhai Campus), Zhuhai 519082, China)
2) (State Key Laboratory of Optoelectronic Materials and Technologies, Sun Yat-Sen University (Guangzhou Campus),
Guangzhou 510275, China)

( Received 26 October 2022; revised manuscript received 29 November 2022 )

Abstract

In recent years, various novel phenomena have been observed in two-dimensional semiconductor moiré
systems, including the moiré excitons, strongly-correlated electronic states and vertical ferroelectricity. To gain
an insight into the underlying physical mechanisms of these intriguing phenomena, it is essential to understand
the interlayer coupling form of the electrons in moiré systems. In this work, the position- and momentum-
dependent interlayer coupling effects in two-dimensional semiconductor moiré superlattices are investigated.
Starting from the monolayer Bloch basis, the interlayer coupling between two Bloch states are treated as a
perturbation, and the coupling matrix elements in commensurate and incommensurate bilayer structures are
obtained, which are found to depend on the momentum and the interlayer translation between the two layers.
Under the effect of an external potential, the Bloch states form localized wavepackets, and their interlayer
couplings are found to depend on the wavepacket width as well as the interlayer translation at the wavepacket
center position. Meanwhile the momentum-dependence results in very different interlayer coupling forms for the
ground-state S-type and the excited-state P*-type wavepackets. It is shown that at a position where the
interlayer coupling between two S-type wavepackets vanishes, the coupling between an S-type wavepacket and
a PT-type wavepacket (or between an S- type wavepacket and a p—-type wavepacket) reaches a maximum
strength. This can be used to manipulate the valley-selective interlayer transport of the ground-state
wavepackets through external electric and optical fields. Besides, the vertical ferroelectricity recently discovered
in bilayer systems can be attributed to the charge redistribution induced by the coupling between conduction
and valence bands in different layers. Using the obtained interlayer coupling form combined with a simplified
tight-binding model for the monolayer, the vertical electric dipole density can be calculated whose form and
order of magnitude accord with the experimental observations.

Keywords: two-dimensional semiconductor, transition metal dichalcogenides, moiré superlattice, interlayer

coupling
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