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In twisted homobilayer transition metal dichalcogenides, intra- and interlayer valley excitons hybridize
with the layer configurations spatially varying in the moiré. The ground state valley excitons are trapped at
two high-symmetry points with opposite electric dipoles in a moiré supercell, forming a honeycomb
superlattice of nearest-neighbor dipolar attraction. We find that the spatial texture of layer configuration
results in a luminescence anomaly of the moiré trapped excitons, where a tiny displacement by interactions
dramatically increases the brightness and changes polarization from circular to linear. At full filling,
radiative recombination predominantly occurs at edges and vacancies of the exciton superlattice. The
anomaly also manifests in the cascaded emission of small clusters, producing chains of polarization
entangled photons. An interlayer bias can switch the superlattice into a single-orbital triangular lattice with
repulsive interactions only, where the luminescence anomaly can be exploited to distinguish ordered states

and domain boundaries at fractional filling.
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Long-wavelength moiré patterns by van der Waals
stacking of two-dimensional crystals has made possible
exploration into a new realm of physics. The local-to-local
variation of the interlayer registry leads to the spatial
modulation of the local band structure, creating an artificial
superlattice with a period in the range from a few to a few
tens nanometers. In twisted graphene moiré, interlayer
coupling at magic angles turns the massless Dirac cones
into flat minibands, where a plethora of correlation
phenomena are observed [1-9]. Another exciting moiré
platform is the semiconducting transition metal dichalco-
genides (TMDs), which host massive Dirac fermions at a
time-reversal pair of valleys located at the K and —K
corners of the hexagonal Brillouin zone [10]. Moiré pattern
in TMD heterostructures introduces a triangular super-
lattice landscape for valley electrons [11], in which a
variety of correlated insulating states are observed at
various filling factors [12—17].
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Excitons formed by the Coulomb binding of a valley
electron and hole make possible a distinct many-body
system in the TMD moiré superlattices with optical
addressability and bosonic statistics. The intralayer
exciton (X;,.) has a large optical dipole with a fixed
valley polarization selection rule, which underlies the
versatile optical controls of valley dynamics [18-21]. In
type-1I heterobilayers, excitons also form in an interlayer
configuration (X;,.,), where the separation of the constitu-
ent electron and hole into adjacent layers leads to a
permanent electric dipole that turns on strong dipolar
interactions and coupling to an electric field [22-27].
The layer separation of the electron and hole leads to a
long recombination lifetime and a valley lifetime of X,
favorable for valleytronic applications [28] as well as for
the exploration of quantum many-body phenomena such as
exciton Bose-Einstein condensation [29] and self-
assembled crystal phase of the two-dimensional dipolar
excitons [30].

In the moiré pattern, X, €xperiences a strong super-
lattice potential with spatial variation on the order of
approximately 100 meV and features an optical dipole that
spatially varies on the scale of the moiré period, determined
by the local stacking registry [31-41]. The lowest-energy
Xinier are then trapped at the potential minima, which can
form an ordered array of quantum emitters. The radiative
recombination of these Xj,,, ground states results in sharp
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emission lines with a spectral width of approximately
0.1 meV, as observed in MoSe,/WSe, heterostructures
under low excitation power and temperature [34-36]. A
photon antibunching experiment indicates that these
trapped X, can serve as highly tunable single-photon
emitters [36]. The repulsive dipolar interaction between the
trapped X, manifests as blueshifts of their resonances
observed in the photoluminescence spectrum [25-27].
At the potential minima, the 2z/3-rotational symmetry
(C3) of the local atomic registries dictates circularly
polarized optical selection rules of Xj, ., with the emission
polarization jointly determined by the valley, spin, and
stacking registry [31,42]. The polarization properties of the
exciton emission (co- or cross-polarized with respect to
the excitation at X, resonance) can be used to identify the
trapping location within a moiré supercell, which is
switchable by an out-of-plane electric field [31]. While
these properties of X;,., in the heterostructure moiré are
highly intriguing for novel optoelectronic applications, the
very weak optical dipole has, however, placed an intrinsic
limitation on their exploitation [39].

Here, we present an exotic exciton system in twisted
TMD homobilayers. We show that, because of the registry-
dependent interlayer coupling, the energies of intra- and
interlayer valley excitons cross each other as functions of
the position in the moiré, giving rise to a texture of spatially
varying exciton hybridization. In a moiré supercell, the
ground state valley exciton is trapped at two degenerate
high-symmetry points with opposite out-of-plane electric
dipole moments, forming a honeycomb superlattice with
repulsive on-site and attractive nearest-neighbor inter-
actions. The spatial texture of the Xya—Xiner hybridiza-
tion leads to a luminescence anomaly of excitons in the
traps. At equilibrium positions, they are as dark as X,
while a tiny lateral displacement on the order of A
dramatically increases the brightness, and the emission
polarization is changed from circular to linear, with the
polarization angle reflecting the displacement direction. At
full exciton filling of the honeycomb superlattice, radiative
recombination predominantly occurs at edges and vacan-
cies where excitons are displaced by the unbalanced dipolar
interactions from neighboring sites. An interlayer bias can
switch the excitonic superlattice to a single-orbital
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triangular one with repulsive interactions only. We show
that the luminescence anomaly can serve as signatures for
different correlated states and domain boundaries at frac-
tional exciton filling. The anomaly also manifests in the
cascaded emission of small clusters, producing chains of
polarization-entangled photons.

Consider the near 0° twisted homobilayers with moiré
period b much larger than the monolayer lattice constant,
such that local regions can be approximated by commensu-
rate bilayers with various R-stacking registries [Fig. 1(a)].
For the conduction and valence band edge electrons at the K
valley, interlayer coupling has a sensitive dependence on the
stacking registry and, therefore, becomes a periodic function
of position R in the moiré [43,44]:

. EC(R) hcc’(R)
Hepu(R) = (hic'(R) E.(R) >’
. EL(R> hvl/(R)
Hygu(R) = (hzv,(R) E,(R) )

Here, E./,(R) is the energy shift of the conduction or
valence band edge in the upper layer due to the interlayer
coupling, while E.,,(R) is the one in the lower layer.
heer /vy (R) is the interlayer hopping of the electron or hole.
Their R dependences underlie the spatially varying layer
hybridizations of the valley electrons and holes in the moiré
of TMD homobilayers [43,44]. The phenomena to be
explored are more pronounced for smaller » (<10 nm),
where the lattice reconstruction effect is insignificant [45],
not considered here.

We focus on the valley excitons formed by a pair of
electron and hole at these band edges. The strong electron-
hole Coulomb interaction leads to a binding energy of a
few hundred meV, which is one order larger than the
interlayer hopping (|| ~ 20 meV). This result allows one
to start from the exciton basis obtained in the limit of
vanishing interlayer hopping. The basis states in a given
valley include the two X, denoted as |cv')g and |¢’v)g
which have opposite electric dipoles [Fig. 1(b)], and the
two Xi,ra confined in the two layers, respectively, denoted
as |cv)g and |¢'v')g [Fig. 1(b)]. In this basis, the exciton
Hamiltonian reads

Ay(R) = Eg— "+ V(R),
E., (R) + AE, 0 hzm’ (R) hcc’ (R)
o 0 E.,(R)+AE, h',(R) i, (R)
R e m WR) ELR) 0 W
h:c/(R) vv'(R> 0 Ec’v’(R)
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Hybridization of inter- and intralayer excitons in a homobilayer moiré. (a) Schematic illustration of a near R-type twisted

homobilayer moiré. The green diamond is a supercell, which has three high-symmetry local regions A, B, and C with different
atomic registries. (b) Excitons of intralayer (X;,.,) and interlayer (X;,.;) configurations. At a general location in the moiré, the
interlayer coupling manifests as the off-diagonal hopping of the electron and hole (4. and &,,/) and the diagonal energy shifts of the
band edges in the two layers which results in a modest type-II band offset of approximately O(10) meV. (c) Solid (dashed) lines
indicate the energies of X;,; (Xinwa), along the long diagonal of the supercell in (a). (d) Moiré potentials for the four decoupled
exciton branches, each of which is a hybridization of Xj, ., and X, by the electron and hole interlayer hopping (cf. the main text).
The optical dipole strength is color coded in units of Dy, the optical dipole of X;,,. (¢) Fraction of X;, in each branch. The shaded
wave packets indicate excitons trapped at B and C in the lowest-energy branch [1). (f) The electric dipole of each branch in

units of ed.

Here, E, is the exciton energy in a pristine monolayer,
and M is the exciton effective mass. AE, is the
binding energy difference between X;, and Xj,.. The
electron and hole interlayer hopping causes the off-
diagonal couplings between X, and X E;;(R)=
E(R)—E;R) (i=c/c', j=wv/v) accounts for
the energy shift of Xj,,, and X, by the position-
dependent interlayer coupling in the moiré, which
can be determined from fitting first-principles
calculations [46] :

E.(R)==0.[f(R) +/-(R)]+A.[f, (R) = f_(R)],
Es(R)==06.[f+(R)+f_(R)]-A.[f(R)—f_(R)],
E,(R)==6,[f+(R)+[_(R)]+A,[f+(R)—f_(R)],
Ey(R)==06,[f(R)+/_(R)]=A,[f(R) = f_(R)].

fj:(R)Eé‘eiéKR+€i[é‘35K~Ri(2ﬂ/3)]+€i[@§§K~Ri(4ﬂ/3)]|2 are

the lowest harmonics that satisfy the rotational and
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translational symmetry, which turn out to be sufficient in
accounting for the energy modulation in the moiré [46].
0K = (47/3b)(0,1), C36K, and C35K are the three corners
of the mini Brillouin zone related by 27/3 rotation (Cs). For
the example of bilayer MoTe, which has a direct band gap,
density-functional theory calculations give A, = 31 meV,
A, ~42 meV, 6, ~2 meV, and §, ~ 0.5 meV [44].

The energies of X, and Xy, [i-€., diagonal terms of
V(R) in Eq. (1)] as functions of R obtained from Eq. (2)
are shown in Fig. 1(c), where the three high-symmetry
locations in a supercell have the coordinates A =0,
B =[(b/\/3),0], and C =[(2b//3),0], respectively.
The energy minima are located at B and C, where X,
has the energy E,— (6, —6,) — (A, + A,) + AE, and
Xinwa has the energy Eq— (6.—96,) — (A, —A.). If
AE, <?2A,, then the energies of X, and Xj,e Cross
each other in the moiré, and the lowest-energy branch is of
mixed nature, being X, near B and C and majorly X,
elsewhere. Numerical calculations of AE), fall in the range
of 20-90 meV [40,47-49], while experiments in various
hetero- and homobilayer TMDs report AE; values in the
range of 10-60 meV [48-52]. The plot in Fig. 1 uses
AE, = 40 meV as an example of the AE, < 2A, regime,
which we discuss first. In the opposite limit of 2A, < AE),
the lowest-energy branch is X;,,, at zero interlayer bias,
while a finite interlayer bias can also introduce the energy
crossing of X, and X, in the moiré, which is discussed
next [cf. Fig. 4(a)].

The interlayer hopping of the electron and hole then
lead to hybridization of X, and X, and anticrossing
of the exciton branches [38,53—55]. The position depend-
ence of the interlayer hopping can be similarly obtained
[43,44]:

hcc’/vv’(R) _ _tc/v(R)(eiéKR + ei@;éKR _‘_eié‘géKR). (3)

fc/, are real numbers on the order of a few meV (see
Supplemental Material, Sec. I [56]).

Hy(R) can then be solved by first diagonalizing its
V(R) part, which leads to four decoupled branches
(In=1,2,3,4)) of layer-hybridized excitons with both
Xinra and Xj,r components. The eigenvalues V,(R),
V,(R),V3(R), and V4(R) correspond to the moiré super-
lattice potentials for these decoupled branches, which,
together with the kinetic energy —(A#?V?/2M), lead to
exciton minibands. The moiré potentials for the four
branches are shown as solid thick curves in Fig. 1(d),
where the color map indicates strength of the optical dipole,
determined by the Xj,,, weighting [cf. Fig. 1(e)]. The
electric dipole determined by the X;,, weighting is shown
in Fig. 1(f). At A, the local stacking has out-of-plane mirror
symmetry, where the exciton branches are either layer
symmetric with a large optical dipole or antisymmetric,
which is dark. At B and C, both A, and h,,, vanish, so the

four branches at these two locations reduce to either X,
or X;,.r» Without layer hybridization.

Below, we focus on the lowest-energy branch |1), where
the moiré potential V| (R) has two degenerate minima at B
and C with opposite electric dipoles, corresponding to the
interlayer configurations |cv')p and |c'v)¢, respectively
[57]. Away from these potential minima, branch |1) starts to
pick up an Xj,,;, component because of the finite interlayer
hopping which takes the chiral forms 4., (B + 6L) =
Je(8L/b)e™ + O(SL*)  and  hep/py(C+06L) =
—J.,(8L/b)e™ + O(SL?*), with SL = 5L(cos 0, sin6)
the small displacement vector. J,.~25 meV and J, ~
110 meV are determined by the parameters ¢, and f,,
respectively, in Eq. (3). The perturbative expansion of |1) in
the neighborhood of B/C reads

Dgpan % e gy — 52 )
B+oL R BL oA AR, b B+5L
J SLe'
oy LT (4a)
C
J SLe
1 ~|c <
[Desor ® 1 0) s +2AC—AEb b lcv)esr
J, SLe'
- lc"v") con,- (4b)

oA, —AE, b

It is important to note that X, and X, components in
the above expressions feature distinct valley polarization
selection rules. Consider excitons in the K valley; X;,qa
(lcv)g and |¢'v')g) always emit o+ circularly polarized
photons [10], while the X, ‘s emission polarization is
location and layer-configuration dependent [31,42]. The
emission polarizations are o— and z (z and o—) for |cv')p
and |¢'v)p (Jcv')¢ and |c'v) ), respectively, as indicated in
Fig. 1(d). The X, components involved in Egs. (4a)
and (4b) both emit 6— photons.

Near B/C, the moiré potential V(R) has a parabolic
form § Mw?5L* with harmonic oscillator frequency o
b~! (hw ~ 10 meV when b = 8 nm, in agreement with the
results in Ref. [58]). The ground state valley exciton is
then a Gaussian wave packet trapped at B/C, with a half-
width w=/(A/Mw). For b =8 nm, w~ 1.4 nm, so
hopping between the trapping sites becomes negligible.
We examine the ground state exciton wave packet |W)g =
(1/wy/m) [ dRe~R-R)*/27 1) and analyze how its opti-
cal properties vary upon displacement of the potential
minima by an in-plane force. The optical dipole of such a
wave packet is determined by its central location R,
(cf. Supplemental Material, Sec. II [56]):
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FIG. 2. Luminescence anomaly in the moiré. (a) Degree of circular polarization P, of the photon emission by the lowest-energy
branch |1), as a function of the wave packet central position in a moiré supercell. P, = 1 over nearly the entire supercell, except the
small neighborhood of B and C, where the rapid variation of P is due to the hybridization of X, and X;,,. (b) The enlarged view of
the emission polarization patterns near B and C, over a length scale of Ab ~0.01b. (c) Degree of linear polarization P, when an
exciton wave packet trapped at B/C has a tiny displacement of SL. (d) The optical dipole strength [in units of |D;|; cf. Eq. (5)] also

changes remarkably by SL.

R SL .
Dp = (0|D|W)g. 5 ~ D€ — n7e19D0e1,

~ oL .
D¢ = (0|D|W) ¢ s =~ Dse* + n?e"’Doei.

(5)

Here, e =[(x +iy)/v/2]* is the unit vector for the
o+ polarization, and D, (D;) is the dipole strength of
an Xira (Xiner) wave packet of half-width w. It is
interesting to note that [W)y ~centered right at the B/C
point already has a non-negligible X;,., fraction [see
Fig. 1(e)], which, however, does not contribute to the
dipole because of the destructive interference due to the
SLe™ factor (also see the Appendix A for a symmetry
analysis). The contribution of the X, fraction to the
optical dipole is linearly proportional to the displacement
of the wave packet center from B/C, with the fac-
torn=[J,/(2A, — AE,)] + [J./(2A. — AE},)] ~ 3.5.
Because of the opposite polarization of the X, and
Xinter contributions, the photon emission of the displaced
wave packet is elliptically polarized. Figure 2(a) shows the
calculated degree of circular polarization P, as a function
of central location in a moiré supercell, for a wave packet in
branch |1). P, is rather close to +1 in most of the
supercell except the two small regions around B and C,
where it quickly decreases to —1 at B/C. Such a behavior is
due to the large ratio of |Dy/D;|. The plot uses |Dy/D;| =
20 from a first-principles result [31,42], consistent with

experiments [59,60]. Thus, a tiny displacement 6L of the
wave packet center can result in a substantial change to the
optical dipole in Eq. (5).

Figure 2(b) is an enlarged view of the polarization
patterns around B/C. As can be seen, in contrast to the
o— polarization at B/C, wave packet centers located on a
ring centered at B/C exhibit 100% linearly polarized
emissions. The ring radius can be as small as approximately
0.1 nm for a typical moiré period of b = 8 nm. The degree
of linear polarization and the angle of its major axis 0y jpear
are obtained from Eq. (5):

P 2n|D;/ D oL
F D, /Dy |? + [nSL/BP b
1 7 Vs
Olinear = — (=0 += | £=. 6
Linear <2 +4> 4 ( )

Here, 4 (—) is for B (C). The polarization angle 0 ;. has a
one-to-one correspondence with the displacement direction
0 [Fig. 2(b)]. Py jneqr as a function of 6L /b for three different
values of AE, is shown in Fig. 2(c). Besides the linear
polarization, the magnitude of the optical dipole, given by
IDg.c| = \/|D;|> + [n(6L/b)Dy?, also increases rapidly
with 5L as indicated in Fig. 2(d). The oscillator strength of
the exciton, proportional to its radiative recombination rate,
is proportional to the modular square of the optical dipole.
We expect our perturbative results of Egs. (4)—(6) to hold
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up to (6L/b) ~ 0.1, which corresponds to an approximately
50-fold increase for |Dg,c|*. Thus, upon a tiny displace-
ment of the exciton wave packet from B/C, there can be
orders of magnitude increase in its radiative recombina-
tion rate.

The electric dipoles of the trapped excitons lead to strong
repulsive on-site and attractive nearest-neighbor inter-
actions. Consider a nearest-neighbor BC pair of trapped
excitons; their attractive dipolar interaction can be approxi-
mated by —Vj, = —(e2d?/4ney)[1/(b/V/3)°] in a sus-
pended bilayer (approximately —10 meV for » = 8 nm),
with ¢, the vacuum permittivity and d~0.7 nm the
interlayer distance. Taking into account the small but finite
Bohr radius ap, Vp gets larger by a small percentage

(a) P =P (b)
B C
! \a !
AR A ‘3:/
5L, 5L,
(c)

FIG. 3.

oLy (nm)

o(a%/b*) as compared to the form above (see Appendix B
for a more detailed discussion about the exciton-
exciton interaction). The total energy of the pair of excitons
is minimized through a symmetric displacement toward
each other [cf. Fig. 3(a)], with a magnitude 6Ly =
(e?/4ney)(27/Mw*b*)(d/b)?. 5Ly as a function of b for
three different AE, values are shown in Fig. 3(b). The
displacement is small, on the order of 0.1 nm, but can
already lead to a substantial change in the emission
polarization, which can become 100% linear, and a
dramatic increase in the emission rate by up to 2 orders
of magnitude [cf. Fig. 3(b), inset].

We note that this rapid change of optical properties is
correlated with the change in the exciton trapping potential

1 8
06} _
= Q
5 4 }
——
0.4 a
% 10 18
b (nm)

0.2}

— AE,=30 me
r — AE,=40 meV
— AE, =50 meV
7 9 11 13 15

/. .«

Anomalous luminescence in a honeycomb superlattice with nearest-neighbor attractions. (a) A tiny displacement of a nearest-

neighbor pair by their attraction changes the emission polarization from circular to linear. (b) The equilibrium displacement 6L, in (a), in
moiré of different period b. The three curves correspond to different values of the binding energy difference AE;. The inset shows the
degree of linear polarization and optical dipole strength of the displaced exciton wave packet. (c) The dipolar force experienced by an
exciton is unbalanced when its three nearest-neighbor sites are partially occupied, leading to an equilibrium displacement depending on
the filling configurations. Thick solid (thin dashed) lines denote the presence (absence) of the nearest-neighbor dipolar attractions. (d) At
full filling, the unbalanced sites appear only at the edges and vacancies, where excitons have much faster emission with linear
polarizations (green double arrows), in contrast to the balanced sites in the bulk where excitons are dark. (e) Cascaded emission of a
lowest-energy four-exciton cluster, which produces entangled photons. The polarization and energy of the photons are shown, with E;

the energy of the trapped exciton.
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(due to the occupation of its near neighbors), in which the
exciton energy is discretized. And the sharp contrast of
polarization and oscillator strength is between the excitonic
ground states in the displaced and undisplaced moiré
potential traps. Upon the change of the potential trap
(e.g., due to the annihilation of a neighboring exciton),
the original exciton ground state wave packet is no longer
an eigenstate of the new potential trap. The emission
properties are then determined by the competition between
the radiative decay and the relaxation to the new ground
state. As the latter relaxation timescale is much faster than
the radiative decay, the radiative emission will predomi-
nately come from the ground state of the new potential trap
(see Appendix C).

Below, we first give a summary of the selection rule and
emission polarization of the trapped excitons in the twisted
homobilayer moiré. For an exciton wave packet centered
right at B/C, the combination of C; and time-reversal
symmetries requires K and —K valleys to emit photons
with 6— and o+ circular polarizations, respectively. Thus,
the photon emission from valley unpolarized excitons
exhibits neither circular nor linear polarization. Time-
reversal symmetry breaking can come from circularly
polarized pumping or applying an out-of-plane magnetic
field, which introduces a valley polarized exciton popula-
tion that emits with circular polarization.

A tiny displacement from B/C breaks the C; symmetry
of the wave packet, and the corresponding photon emission
becomes elliptically polarized for either valley. The K and
—K valleys are still related by a time reversal, which
dictates that their emission polarizations exhibit opposite
helicities but the same linear polarization, with the linear
polarization angle determined by the displacement direc-
tion [cf. Fig. 3(b)]. A 360°-anticlockwise rotation of the
displaced wave packet around B/C results in a 360°-
clockwise rotation of the linear polarization angle. It is
important to note that, upon the same displacement vector,
exciton wave packets near B and C exhibit orthogonal
linear polarization directions, which comes from the
opposite signs for ../, (B + L) and h.. /., (C + 6L),
as a consequence of spatial symmetry of the homobilayer
moiré supercell.

This result leads to the following emission patterns for a
pair of trapped excitons taking into account their dipolar
interaction:

(1) A nearest-neighbor pair occupying a B and C site,
respectively. With the opposite electric dipoles at the
two sites, the interaction is attractive and tends to
displace the two excitons in opposite directions
toward each other. The resultant photon emission
then has the same linear polarization angle at B
and C, while the helicity depends on both the
valley index and displacement magnitude. The linear
polarization angle can be used to track the spatial
orientation of the nearest-neighbor pair, while the

helicity can provide information on the site-specific
valley configurations.

(i1) A next-nearest-neighbor pair occupying two B (or
C) sites. The repulsive dipolar interaction displaces
the two excitons in opposite directions away from
each other. The photon emissions from the two
displaced excitons carry orthogonal linear polar-
izations and helicity determined by the valley
configuration and displacement magnitude.

Next, we consider how the dramatic change of optical
properties by the tiny displacement of these dipolar
excitons can manifest in the light emission of their
many-body states. In a many-body configuration, each
trapped exciton experiences the overall dipolar force from
others and can be displaced depending on the occupation of
its neighboring sites. The leading-order displacements are
determined by the nearest neighbors. When the three
nearest neighbors are all occupied or unoccupied, the force
is balanced and the exciton is centered at B/C with zero
displacement, which is essentially dark. The other six
configurations shown in Fig. 3(c) all correspond to unbal-
anced forces. The center exciton at equilibrium is then
displaced by OL, along six possible directions with a
substantially increased brightness, and the angle of the
linear polarization distinguishes the six cases. Taking
b =5 nm as an example, we estimate the trapped exciton
has a radiative lifetime of 800 ns at a balanced site and
10 ns at an unbalanced site [31]. On the other hand, the
phonon-assisted equilibration timescale for X, is esti-
mated to be on the order of a picosecond [47] (also see
Appendix C for a detailed analysis on the relaxation
process of trapped excitons), orders faster than the radiative
lifetime.

The recombination of a trapped exciton breaks the
dipolar force balance of its nearest neighbors, which go
to the new equilibrium in a timescale significantly shorter
than the radiative lifetime (see Appendix C for details). The
radiative emission of an exciton thus changes dramatically
the emission timescale and polarizations of its nearest
neighbors, a new form of optical nonlinearity which leads
to unique luminescence phenomena. At full filling of the
lattice, unbalanced sites appear only at the edges or vacancy
defects [cf. Fig. 3(d)]. The radiative annihilation of the
excitons predominantly occurs at the edges and vacancies.
Under partial filling, the attractive nearest-neighbor inter-
action leads to clusterization. Different recombination
pathways of a small exciton cluster are characterized by
the energies and linear polarizations of the cascaded photon
emission, resulting in a chain of entangled photons.
Figure 3(e) illustrates two sets of recombination pathways
for a lowest-energy four-site cluster, each of which can
generate a polarization-entangled photon pair. Other pos-
sible recombination pathways (not shown) also exist, which
can generate entangled photons with frequencies different
from those in Fig. 3(e). The atomically thin geometry of the
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bilayer and the dipolar nature of the exciton further pointto  regions [26,62], or engineering the surrounding dielectric
various possibilities to isolate a small cluster of excitons environment [63] (see Appendix D).

for entangled photon generation, e.g., through using a The degeneracy of B and C sites can be lifted by a finite
biased metal tip or local gate [61], creating strained local  interlayer bias, which lowers (increases) the energy of the

(a) . Optical dipole (D,)  (b)
2001 O 1.17
<150t
(0}
éwo_ AE}, =80 meV
O 50%
c “\\
Ll (c)
e 4
O~
(d) - { } —>
oL, oL,
0.2
/E\ (f) o o o o
<
T 0.1
S o
| — Viias =30 meV
— Vyias =50 meV

FIG. 4. Anomalous luminescence in a triangular lattice of repulsive interactions. (a) Moiré superlattice potentials for the four
decoupled exciton branches under a larger binding energy difference AE;, = 80 meV and an interlayer bias Vy;,; = 50 meV that lifts the
degeneracy at B and C. (b) Emission polarizations in the lowest-energy branch, changing rapidly in the neighborhood of the trapping site
B. (c) In this triangular lattice, the dipolar repulsion between nearest-neighbor B sites pushes the two trapped excitons away from each
other by a tiny displacement, which results in orthogonal linear polarizations of their emissions. (d) The equilibrium 6L in moiré of
various period b under two V;,, values. The inset shows the degree of linear polarization and optical dipole strength for a site
displacement of 6L (solid line) and 26L, (dashed line) under Vy;,, = 50 meV. (e) The displacements (red arrows) and emission linear
polarizations (green double arrows) for the unbalanced sites at the edges and vacancies under full filling. The equilibrium displacement
can be 8L, v/38Ly, or 28L,. (f) Two distinct stripe phases under the filling factor 1/2, where radiative recombination occurs in the bulk
and at domain boundaries, respectively. Solid (empty) dots denote the occupied (unoccupied) sites.
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exciton trapped at B (C) by V. Below, we focus on a
large enough Vy;,, such that only the B sites are occupied,
which then form a triangular lattice with repulsive dipolar
interactions only. In Fig. 4(a), we show such a case with
AE, =80 meV > 2A. and Vi;,s = 50 meV. In the lowest-
energy branch, the exciton is dark at B, and the brightness
increases fast with the displacement from this energy
minimum. The emission polarization also changes dra-
matically under a tiny displacement from B [see Fig. 4(b)].
Figure 4(c) shows the equilibrium emission properties for a
nearest-neighbor pair of trapped excitons, which are dis-
placed away from each other by the dipolar repulsion. The
two excitons emit with orthogonal linear polarizations, with
an enhanced emission rate. The equilibrium displacement
magnitude JL is shown in Fig. 4(d) under various moirés
of period b and two different V,;,, values. 6L, can be
enhanced by tuning Vi, to near AE;, — 2A..

For an unbalanced site in the triangular lattice, the
different occupations of its six nearest-neighbor sites result

in three different displacement magnitudes (5L, v/35L,
and 26L). The degree of the linear polarization and the
optical dipole strength under the displacement magnitude
0Ly (26L) are shown as a solid (dashed) curve in Fig. 4(d),
inset. Figure 4(e) shows the displacements and the corre-
lated linear polarizations of unbalanced sites at the edges
and vacancies of a full filling exciton lattice, where exciton
radiative recombination is much faster than the balanced
site inside the bulk.

Such a triangular exciton superlattice with repulsive
interactions can host the various ordered states under frac-
tional fillings, as those observed for electrons and
holes in WS,/WSe, heterobilayer moiré superlattices
[13,15-17]. Remarkably, the luminescence anomaly of
the unbalanced sites can be exploited as a fingerprint for
certain configurations. In Fig. 4(f), we give the examples
of two different stripe phases under filling factor 1/2. In the
upper panel in Fig. 4(f), all the occupied sites are unbalanced
with alternating displacements +6L along the y direction.
In such a state, all trapped excitons have enhanced brightness
and emit with two orthogonal linear polarizations. The lower
panel shows another stripe phase, where all trapped excitons
are atbalanced sites except at the domain boundary. Excitons
are, thus, brightened only at the domain boundaries, and the
linear polarization gives the boundary orientation.

Finally, we note that the luminescence anomaly is the
property of the K valley excitons. The above quantitative
analysis uses homobilayer MoTe, as the example, which
has a direct band gap with conduction and valence band
edges both located at K (as evidenced by experiments in
Refs. [64—66]). This system could be highly promising to
exploit the luminescence anomaly. WSe, bilayer moiré
induced by heterostrain can be another candidate system. A
pristine WSe, bilayer has an indirect band gap (K to Q),
but the energy is not far from the direct K to K gap.
Experiments have shown that, under approximately 1%

uniaxial tensile strain, the band gap of bilayer WSe,
becomes the direct K to K one [67,68]. Having the bilayer
subject to heterostrain (different strain magnitude in the two
layers, e.g., when strain is applied through a substrate) can
be an alternative way to create homobilayer moiré super-
lattices other than twisting [69]. In such a case, we note that
the lowest-energy excitons trapped at the B/C sites in
R-type WSe, homobilayer moiré are the spin triplet at K
valleys, which, at the unbalanced sites, are subject to
similar displacements due to the dipolar interactions as
described in Figs. 3(a)-3(c). Their emission can be the
phonon-assisted process via the spin-singlet exciton dis-
cussed here [70,71] or through hybridization with the spin
singlet in an in-plane magnetic field [72,73], so the sharply
contrasted emission dipoles of the singlet at balanced and
unbalanced sites also manifest in the luminescence.

The relative orders of the energy scales for exciton in the
moiré trap are underlying the perturbative treatment of the
layer hybridization [Eq. (4)] and exciton relaxation (see
Appendix C) and allow us to focus only on the ground
state in the trap for the radiative emission. The radiative
recombination rate (<0.1 ns~!) is several orders of magni-
tude slower than the rate for the exciton to relax to the
ground state in the trap (approximately ps~!; see
Supplemental Material, Sec. III [56]). The latter rate is
also much smaller than the energy detuning and off-
diagonal coupling between X, and X;,,, and the quan-
tization energy in the trapping potential A® (approximately
10 meV for b = 8 nm). It is worth noting that the detuning
of Xiper and Xjn, at the B/C trap is controllable by an
interlayer bias and can also be affected by the dielectric
environment (through their distinct binding energies).
When X, and X, are brought closer in energy such
that their detuning is no longer significantly larger than the
phonon and photon-induced broadening, corrections
beyond the perturbative treatment become non-negligible.
In such a case, the luminescence phenomenon can be a
more complex manifestation of the interplay between the
interlayer hybridization, relaxation, and dephasing by
phonon and radiative emission processes.
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Program of China (2020YFA0309600) and the Croucher
Foundation (Croucher Senior Research Fellowship).
H.Y. acknowledges support by the Department of
Science and Technology of Guangdong Province in
China (2019QN01X061).

APPENDIX A: INTRALAYER COMPONENT OF
THE TRAPPED EXCITON WAVE PACKET AND
ITS CONTRIBUTION TO OPTICAL DIPOLE:
A SYMMETRY ANALYSIS

Both X, and X;,., have Wannier-type wave functions
with the electron and hole localized around +K in
momentum space, so here we use the envelope

021042-9



HONGYI YU and WANG YAO PHYS. REV. X 11, 021042 (2021)

approximation to write the involved conduction (valence)  Here, R = (m,/M)r, + (m;/M)r; is the center-of-mass
band Bloch function as wg y.(r,) ~e*Tyg (r,)  (c.m.) coordinate of the exciton, and r,, =r, — I, corre-
Wik (r.) ~ e® Ty o (r,)]. The X momentum  sponds to the electron-hole relative coordinate. ®;(r,;) =
cigenstate (also eigenstate of the electron-hole Coulomb o ® 1(AQ)e’QTan s the wave function of the electron-

interaction) is [39] hole relative motion. Since the exciton has a large binding
, energy of approximately 200 meV, the slowly modulating
Xgmer)(re, r,) = Zq) 1(AQ)WK 4 (m, /M@ +20.c (Te) moiré potential barely affects ®,(r,;,). So only the lowest-
AQ energy electron-hole relative wave function (1s state) needs

to be considered.

XYy Qv (Th) . . .
1/ Mo)QHAQ.v An Xj,... wave packet is then the linear superposition of

iQ-R * .
~ e'Q q’I(reh)ll/K,c(l’e)‘//ng/(rh)- the momentum eigenstates:
(a) (b)

i

[ N
!
\{_\. }
/ 1
o (o9 Te ;
5 .+. - :
R 1
» . .,&\‘\ - |
RS S S T !

i T s 4
I‘ ’ 1
i
1
1
1

inter

(c) (d)

Xinter Without
C, symmetry ;’5/—

FIG. 5. (a) The bilayer atomic registry underlying an exciton wave packet centered at B, with a spread out determined by the c.m.
envelope function as well as the relative motion. Each orange (green) dot denotes a metal atom d orbital in the upper (lower) layer, which
is the main constituent of the band edge Bloch function yk .(r,)/wx' . (r;,). The three circled areas are related by C; rotation, and the
whole wave packet is 6‘3 symmetric. (b) The exciton wave packet centered at B. The wave packet is primarily an X, with the s-type
envelope. With the C; symmetry of the trapping site, the wave function is an eigenfunction of Cj, and its eigenvalue (C; = —1)
corresponds to the circular polarization (6—) of the emission. Because of the perturbative interlayer coupling (vertical double arrows),
the wave packet also contains a p-type envelope X, component with C; = —1. X, With an s-type envelope has C3 = +1, emits with
o+ polarization instead, and, therefore, is not allowed in the wave packet by the C; symmetry. (c) The atomic registry underlying an
exciton wave packet slightly displaced from B, with the red arrow denoting the displacement vector. The three circled areas are no longer
related by C rotation; thus, the wave packet is not C3 symmetric. (d) The exciton wave packet with a small displacement from B. As the
restriction imposed by the C 3 symmetry is lifted, both the p- and s-type envelope X, components are allowed in the wave packet wave
function. In (b) and (d), gray denotes the envelope function of the primary X, component, and yellow denotes that of X,,. The latter
can have only a small contribution in the ground state wave function, as they are far detuned in energy.
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W' (r,.1,) = > e @RW, (0)X5" (x,. 1)
Q
~ Wn(R - Rc)q)1<reh)WK,c<re)W;(’,1;’ (rh)‘
Here, W,(R —R,) =Y o ' @RRIW, (0) x
(1/w)e"R-R*/20" is the c.m. envelope in real space,
with n denoting the ground state (s-type), first excited
state (p-type), etc., and R, denoting its center. w is the half-
width of the c.m. envelope.
Besides the slowly varying W,(R —R,) and ®;(r,;)

parts, the X;,.. wave packet also contains the Bloch part
wk.o(r)yy (1)) Note that W, (R — R,) and @ (r,;,) are

eigenfunctions of C5 rotation about the wave packet center
R.. In contrast, the wk . (r.)wg ,(r;) part can be an

eigenfunction of C; only when the rotation center R, is
at a high-symmetry point, i.e., A, B, or C in the moiré
[Fig. 1(a)], and the @3 eigenvalues are +1, —1, and 0,
respectively, for R, being at A, B, and C [31].

An X, wave packet, on the other hand, has a simpler
structure:

Ws,ri{trf)(rev rh) ~ WH(R - Rc)q)(reh)l//K,c (re)l//if(.v (rh)'

With the electron and hole Bloch functions in the same
layer, the entire wave function is always an eigenfunction
under 6‘3 rotation about the wave packet center R.
(regardless of whether R, is displaced from B/C or
not), and eigenvalues are determined by the index n only
(i.e., s-type or p-type c.m. envelope).

Therefore, for an X;,. wave packet with its center
being at a high-symmetry point (B/C as concerned in this
work), albeit spread out in real space as determined by
W,(R—R,) and ®,(r,,), the wave function does have
perfect C3 symmetry about its center R, as can be seen in
Fig. 5(a). This 6‘3 symmetry does not allow an s-type
envelope X, to be hybridized with an s-type envelope
Xinwa that has a different 6‘3 eigenvalue. It can hybridize
only with a p-type envelope X;,., having the same 6’3
eigenvalue [see Fig. 5(b)]. The p-type envelope Xiias
however, has a negligibly small optical dipole. As a result,
the overall optical dipole of the exciton wave packet
remains circularly polarized, with a magnitude essentially
just that of the X;,., optical dipole.

When slightly displaced from B/C, however, because
of the incommensurability of the two layers, the Bloch part
WK (Y)W (1) is no longer an eigenfunction of C,
rotation about the displaced wave packet center R, so the
overall X,,., wave function no longer has C; symmetry
[cf. Fig. 5(c)]. The broken 6’3 symmetry lifts the restriction
on the coupling between X, and X, and the s-type
envelope X, Wwave packet can also hybridize in a
small portion of the s-type envelope X;,., wave packet

[see Fig. 5(d) and Supplemental Material, Sec. I [56] ]. It is
this displacement-dependent coupling together with the
large optical dipole of s-type envelope X, that dramati-
cally changes the wave packet optical properties, even if the
displacement is much smaller than the spread of the wave
function in real space.

APPENDIX B: INTERACTION BETWEEN TWO
EXCITON WAVE PACKETS

We consider two s-type envelope X, Wave packets

nger>(rel, r,;) and nger)(rez,rhz) located at a nearest-

neighbor pair of B and C sites, respectively. They interact
through the Coulomb potential

‘A/XX = Vinter (ree) + Vinter(rhh) - Vintra (reth) - Vimra (re2hl )

Here’ Vinter(r) = [62/(4776 v I"2 + d2)} and Vintra(r) =
[e?/(4rer)] correspond to the interlayer and intralayer

Coulomb interactions, respectively; see Fig. 6(a).
Y =@
i —_— \
T
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(h1)—><—
\\\/’I Vlntra \\ /'l
(b) Dipole-dipole
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FIG. 6. (a) The Coulomb interaction between two Xjyer

(el,hl) and (e2, h2). Solid (empty) circles denote the electrons
(holes). Viyer and Vi, correspond to the interlayer and intralayer
Coulomb interactions, respectively. (b) Schematic illustration of
the dipole-dipole interaction, which corresponds to the process
(el,hl) + (e2,h2) - (el,hl) + (e2,h2). (c) Schematic illus-
tration of the exchange interaction, which corresponds to the
process (el,hl)+ (e2,h2) — (el,h2) 4 (e2,h1). Note that
different electric dipole orientations of (el,hl) and (e2,h2)
can result in (el, h2) and (€2, h1) with either intralayer (upper
row) or interlayer configurations (lower row).
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Lo =Top — Top, Ty =Ty — Uy Foipt = Top — Tnt, Lo =T — T, Toppa =T — I, and Topp =T, — 1. Generally,
Vinter(T) < Vina(r) due to the vertical separation d between the two layers.

It is known that the matrix elements of Vyy can be separated into dipole-dipole and exchange interaction parts [23]. The
dipole-dipole interaction part corresponds to the process (el, hl) + (€2, h2) — (el, hl) + (e2, h2); see Fig. 6(b). The
exchange interaction part corresponds to the process (el, hl) + (e2,h2) — (el, h2) + (€2, hl); see Fig. 6(c). Below, we
derive their forms separately.

1. The dipole-dipole interaction part
The strength of the dipole-dipole interaction is

Vi = <nger)(1'e1 ) rhl)nger)(l'ez, rh2)|‘7xx|W§mer) (Ters rhl)W(Cl‘mer)(reb )
= /dl‘eldl'ezdrmdl‘hz|WK,c(re1)W§/,,,/ (Ch)WK . (C)Wi (022 X [W(Ry — B)W(Ry — C)@; (X141 ) Dy (X ep0) |
S [Vinter(ree) + Vinter(rhh) - Vintra(reth) - Vintra (reZhl)}

2
~ / dR dRydr, 11 dr o

W(R| —=B)W(R; — C)®@(r, 15 )P (T.212)

m m,
X [Vimer (Rl —R, + ﬁh (Ternt — re2h2)> + Vinter <R1 -R, - M (Terpt — re2h2>>

my, m m my
— Vintra <R1 -R, + 77 Fetnt + Here2h2> — Vinra (RI —Ry——rp — —I‘e2hz>] :

M M
Here, R| = (m,/M)r,; + (m,/M)r;,, and R, = (m,/M)r,, + (m;,/M)r,,. Since both the wave packet half-width w and
the Bohr radius ap are much larger than the monolayer lattice constant, in the last step above we approximate the fast
oscillating terms [y . (r,)|* and |y, ,(r,)|* by their mean values 1 = [ |y o(r,)[*dr, = [ |y, (vy)[*dry,.
Note that the two nearest-neighbor wave packet centers are separated by b/v/3 > w, ap. For an order of magnitude

estimation, we can consider the limit of w — 0 and az — 0 and write |W(R)|?> ~ §(R) and |®,(r,,)|> ~ §(r,;). Then, the
dipole-dipole interaction is of a simple form:

Vdd R 2Vinter(B - C) - 2Vintra(B - C)
s 1 _62J2b4+0d4
~ 21e\Rpe JRi.+d*)  Ame \\V3 b) |’
Here, € is the average dielectric constant of the surrounding substrate.

The corrections from the small but finite w and aj are analyzed by a series expansion of Vi /inwa(Rpc + 1) near

e’ { 2Rpc-r+7r2 3 (Rpc-r)? Krﬂ }
Viner(Rpe +1) = ——e= {1 - 5 +ol(+) | ¢
wlRe o) = Ry + & 2(Rhe + %) 2(Rje +d°)? b

62 2Rgc'r+ r2 3(RBc'r)2 r 3
V. (R — 1— > ol(= .
(R +1) 4neRBc{ e 2 Rh Kz) ”

Note that both |W(R)|? and |®,(r,;)|* are even functions; thus, all the odd terms of R; — B, R, — C, r,y;,;, and 1,2
vanish after integration. The dipole-dipole interaction up to the second order of (w/b) and (ag/b) can then be derived as

e*d® (b \3 27w?  81mi+ mjaj
Var—\ =) (1t5mtgs g )
4ze \\/3 2028 M b

On the other hand, the trapped exciton near B/C contains a small component of X;,;,, which reduces its electric dipole.
Using the perturbative wave function Eq. (4), we find the electric dipole is reduced by a fraction:
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J SL\ 2 J. SL\ 2 J 2 J. 27 w?
L L 2 v oL c v= — v e E—
] aoiwisvy [(2A1,—AEb b) " <2AC—AEb b) } Kmv—AEb) i <2AC—AEb) ] p

After taking into account this contribution, the dipole-dipole interaction up to the second order of (w/b) and (ag/b) is

Voo n e*d® (b \? - 27
W5 4re \\3 2

J
2 —"r
<2A,b. — AE,

P (e Y| w2 8Lmi+ mah
WM, —AE,) |28 M b

The wave packet width scales as w « \/E (w ~ 1.4 nm when b = 8 nm from our estimation), whereas ag ~ 1-2 nm is
nearly independent of b. So (a%/b?) increases faster than (w?/b?) when decreasing b. Furthermore, the coefficient of the

(w?/b?) term is much smaller than that of the (a%/b?) term [[J,/(2A, — AE,)]?

+[J./(2A. — AE})]* ~ 7 from our

estimated parameters]. Therefore, for a relatively small moiré period, we expect the correction from (a%/b?) to dominate
over that from (w?/b?), resulting in an overall enhancement to the interaction strength.

2. The exchange interaction part

The strength of the exchange interaction is

N[ =

Vex =

1
2
dr

><\+

W(R, — B)W(R, — C)W(A";—Z

X

[Vinter(ree) + Vinter(rhh) -

For b//33>w,ap, Ve, ~4|®;(Rpc) W[(my/Mo)R ]
[Vinier(Rpc) = Vinra(Re)]. - Since  |@;(Rpc)[* <1 and
|W[(m),/My)Rge]|> < 1, Vg, is thus exponentially small
compared to V4q. Furthermore, X,,., trapped at B and C
have opposite electric dipole orientations; thus, (el, h2)
and (e2, hl) correspond to X, [see Fig. 6(c)], and the
energy detuning further suppresses this off-diagonal proc-
ess by exchange. Thus, the exchange interaction between
two exciton wave packets located at B and C can be safely
ignored.

On the other hand, for two excitons in the same
trapping site, both the dipole-dipole and exchange parts
can be important and dependent on w and ap of the
trapped exciton wave packet [23]. However, such a
configuration is energetically unfavorable due to the
strong on-site repulsion. So when the moiré superlattice
is loaded with excitons at filling factor <1, one can just
focus on the many-body configurations with exciton per
trapping site less than or equal to one, where the exciton-
exciton interaction is dominated by the dipole-dipole
interaction V4.

L] +

Vintra(reth) -V

(wimed (g, rhz)W(Cmter) (o 1) [V [ W™ (11,1 )nger) (Teo, Ti2))
<W<lmer) (Ter, Ty )nger) (T Th2) | Vx| nger) (Ter. 1y )W(cimer) (re2:Tp2))

e1dr o dry A @y (1,11 ) R (X 12) Py (Fenin) P (Tei1)

my m,
i1t = B)W (G + e —C)
M, Iy M, 2 ‘l‘ M,

intra (Te2n1)]-

APPENDIX C: RELAXATION PROCESS AND
RADIATIVE EMISSION OF THE TRAPPED
EXCITONS

Consider a ground state exciton wave packet trapped at
B. When all its three nearest neighbors are occupied, the
dipolar force is balanced, and the exciton wave packet
center R, is right at B with zero displacement. The ground
state in the trap |g) is primarily an Xj,., with s-type c.m.
envelope W, (R —R,) [see Fig. 7(a)], and the first excited
state |e) is primarily an Xj,. with a p-type envelope
W,(R —R,). We consider the evolution of this exciton
wave packet triggered by the annihilation of one of its
nearest neighbors, which makes the dipolar force unbal-
anced. The unbalanced dipole force changes the potential
profile experienced by the exciton wave packet, shifting the
energy minimum to a new location slightly displaced from
B by 6L [cf. Fig. 7(b)]. In this shifted potential trap, the new
ground state |¢') and first excited state |e’) can be
perturbatively expressed in terms of |g) and |e): |¢) =
lg) — 6r|e) and |e’) = |e) + 6x|g), respectively. Note that
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(a (b)

FIG. 7.

lg) =1g") + 6p|€f)

le”)

1 Relaxation

lg")

(a) A ground state exciton wave packet initially at a balanced site, where the potential profile for the c.m. motion is denoted by

the dashed curve, centered at B. (b) After the annihilation of a nearest neighbor, the exciton concerned feels an unbalanced dipolar force
which changes the potential profile to the solid curve with a displaced center. The ground state and first excited state in this new potential
profile are denoted as |¢) and |e’), respectively. The initial wave function is their superposition: |g) = |¢') + 5¢|e’). (¢) Through phonon
scattering, the |e¢’) constituent of the wave function relaxes to the ground state |¢') in a timescale orders faster than the radiative decay of
either |¢) or |¢’). (d) The subsequent radiative emission from |¢'). Note that the envelope functions shown in this figure are all for the

primary X, component of the exciton wave packet.

|¢) and |e’) now describe exciton wave packets whose
centers are displaced from B by 0L « of; see Fig. 7(b).
Other higher-energy excited states in the new potential are
ignored for simplicity, while including them does not
change the picture.

Denoting the time for the annihilation event of its nearest
neighbor as t = 0. For ¢ < 0, the exciton wave packet has
the wave function |g), which for # > 0 is no longer an
energy eigenstate but rather the superposition of the new
ground and first excited states: |g) = |¢) + Sp|e’) [see
Fig. 7(b)]. A major mechanism responsible for the relax-
ation from |e’) to |¢’) [Fig. 7(c)] is by phonon scattering. At
low temperature k3T < fiw ~ 10 meV, the latter being the
quantization energy in the moiré trap, the phonon emission
rate 7! can be obtained through the Fermi golden rule:

_ 2
1 = 7;|Caﬁq|25(ha) — g q).

Here, C,q = (9 ® la,q|I:I X—phonon|€’ ® 0) is the exci-
ton-phonon coupling matrix element, where |¢’ ® 0) is the
exciton excited state in the moiré trap plus the phonon
vacuum and |¢’ ® 1,4) is the exciton ground state |¢) plus
an a-mode phonon with wave vector q (a can be a LA or
TA phonon in the upper or lower layer). @,  corresponds to
the phonon dispersion.

Using the electron-phonon coupling strength from early
works [74,75], we estimate that the relaxation from |e’) to
|¢) happens in a timescale of a picosecond (for a detailed
derivation, see Supplemental Material, Sec. III [56]). Such
a timescale is orders faster as compared to the radiative
decay of the exciton wave packet centered at either B
(where radiative decay takes hundreds of nanoseconds) or
the displaced location (where radiative decay takes approx-
imately 10 ns). So the subsequent radiative emission will
predominately come from |¢'), i.e., the ground state wave
packet with the displaced center [cf. Fig. 7(d)].

The same picture given above also applies if the exciton
starts as a ground state wave packet slightly displaced from
B (as in an initially unbalanced site). Again, the key is the
relaxation to the new excitonic ground state (upon the
sudden change of the dipolar force from nearest neighbors)
occurs on a timescale orders faster as compared to the
radiative decay of the exciton wave packet; the latter still
takes approximately 10 ns for a wave packet centered at the
displaced location.

Concerning the radiative emission from the excitonic
ground state in the moiré trap, we note that both the energy
detuning and off-diagonal coupling between X, and
Xinwer are much larger than the broadening induced by their
interaction with either the phonon or photon bath. The low-
energy excitonic eigenstates (e.g., |g) and |e)) are spectrally
well separated from each other by 7w ~ 10 meV, each
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(a) A positively (negatively) charged nanoscale metal tip can trap the dipolar excitons at B sites with electric dipole down

(C sites with electric dipole up). Alternatively, the role of the movable tip can be played by a local gate. (b) The local tensile strain in a
nanobubble can trap both B- and C-site excitons, which can be engineered by placing the bilayer on a nanopillar. (c) By engineering the
local dielectric environment, the excitons can be trapped to the area with a larger dielectric constant.

having a definite form of superposition between the
primary X;. component and a small X;,, component.
Experiments have found that the moiré trapped excitons in
heterobilayers have spectral widths of approximately
0.1 meV [34-36]. In this regime, the approach of diagonal-
izing the Hermitian Hamiltonian [Eq. (1)] and adding decay
perturbatively is justified. Energy relaxation occurs
between these spectrally well-separated excitonic eigen-
states [cf. Figs. 7(c) and 7(d)], and the radiative emission of
the excitonic ground state is described by a single decay
rate determined by its wave function, in which the form of
the superposition between the primary X;,., and the small
Xinra components dictates the optical dipole.

APPENDIX D: POSSIBLE EXPERIMENTAL
SCHEMES FOR ISOLATING A SMALL CLUSTER
OF EXCITONS

The atomically thin geometry of the bilayer and the
dipolar nature of the exciton point to several possibilities to
isolate a small cluster of excitons trapped in a few moiré
supercells, as schematically illustrated in Fig. 8:

(i) Using a biased metal tip [cf. Fig. 8(a)], or local gate
[61], to create a low-energy region of a few moiré
periods for isolating a cluster of dipolar excitons.
Creating a strained region, by placing the bilayer on
engineered substrate [cf. Fig. 8(b)]. Tensile strain
lowers the energies of both X, and X, [62], so
the strained region can act as a large-scale potential
trap that contains a few moiré supercells. In
Ref. [26], such locally strained regions are engi-
neered by placing heterobilayer on nanopillars
[cf. Fig. 8(b)], which can trap Xj,., With a tunable
number from 1 to 5.

(i)

(iii) Engineering the surrounding dielectric environment
[cf. Fig. 8(c)]. For example, an approximately
O(10) nm-scale graphene coverage can be realized
by electron beam lithography to pattern a mask and
followed by oxygen plasma etching to etch the
unwanted graphene. Reference [63] shows that
covering TMDs by a bilayer graphene (with a large
dielectric constant &,) can significantly reduce the
band gap as well as the exciton energy. The few
moiré supercells underneath the graphene coverage
are then energetically favored by the dipolar ex-
citons, which can trap an exciton cluster.
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