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ABSTRACT: Recently, moiré superlattices of twisted van der
Waals (vdW) materials have attracted substantial interest due to
their strongly correlated properties. However, the vdW interlayer
interaction is intrinsically weak, such that many desired properties
can only exist at low temperature. Here, we theoretically predict
some unusual properties stemming from the chemical bonding
between twisted PbS nanosheets as an example of non-vdW moireé
superlattices. The strong interlayer coupling in such systems results
in giant strain vortices and dipole vortices at the interface. The
modified electronic structures become a series of dispersionless

bands and artificial-atom states. In real space, these states are analogous to arrays of well-positioned quantum dots, which may be
promising for use in single-electron devices. In theory, if the materials are doped with a low concentration of electrons, a Wigner
crystal will form even without any magnetic field. To confirm the accessibility and stability of non-vdW moiré superlattices in
experiment, we synthesized PbS moiré superlattices with different twist angles. Our transmission-electron-microscope observations

reveal the resemblance of the small-angle-twisted structures with the
with our calculations.

1. INTRODUCTION

Quantum dot arrays represent an exciting topic of interest to
the physics, chemistry, and nanoscience communities. These
systems have a variety of potential applications, such as
semiconductor-quantum-dot qubits, solid-state memories, and
single-photon sources.' ™ However, the fluctuation of size,
orientation, and separation distance during the synthesis of
quantum dot arrays are major challenges for device upscaling.
Previous attempts have been unable to produce identical
quantum dots.””> Moiré superlattices of twisted two-dimen-
sional (2D) materials offer a novel pathway for overcoming
these challenges as they naturally form a series of equally
spaced, localized quantum states.”” The distance between the
quasi quantum dots may be tuned by adjusting the twist angle
between the two sheets. This tunability allows moiré
superlattices to be used in quantum information applications,
for example, in simulations of the Hubbard model.*”

Until now, research on moiré superlattices has focused on
twisted van der Waals (vdW) bilayers or few layers. The
interlayer interaction introduces a long-wavelength modulating
potential on the electronic structure and vibrational properties.
However, this modulating vdW interaction is weak, and the
energy splitting of possibly flat bands is very small. For
example, the energy splitting of flat bands in twisted bilayer
graphene and twisted transition-metal dichalcogenides
(TMDs) is only tens of millielectronvolts (meV) according
to previous DET (density functional theory) calculations.'®™"
This small energy splitting between the flat bands makes these
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square matrices of quantum dots, which is in good accordance

weakly localized electron states susceptible to being destroyed
by thermal fluctuations at room temperature, unlike quantum
dot arrays which can have localized states at room temper-
917 Despite the existence of strongly correlated
phenomena in vdW moiré superlattices, they are usually
observed at low temperatures,ls_20 such as below the
superconductivity critical temperatures of (1.7 K) or the
Mott insulating transition temperature (4 K) in magic-angle
graphene.””” After summarizing the recent progress in
twistronics, a recent review pointed out that non-vdW
materials may be a promising new direction in twistronics.”
However, reports on the non-vdW moiré superlattices in both
theory and experiments are rare because the fabrication has
been thought to be impossible for a long time.

If, however, moiré superlattices can be fabricated using non-
vdW materials, the interlayer modulating potential could be
increased significantly due to much stronger interlayer
interactions.”” Large energy splitting and ultraflat electronic
bands are expected.”* The substantial atomic rearrangement
can lead to shear solitons and topological point defects.”>™>*
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Figure 1. DFT calculation of PbS twisted layers. (a) Top and side views of the atomic structure of PbS layers. (b) Schematic of twisted PbS
nanosheets and quantum dots. (c) Side view of twisted nanosheets of eight atomic layers. The twist angle is 3.47°. Red and yellow balls are lead and
sulfur atoms, respectively. (d) Analytical results of the atomic displacement. (e,f) Atomic displacement at the upper and lower nanosheets. The
color map represents the out-of-plane atomic reconstruction. Arrows represents the in-plane displacement. (g) Electric dipoles of the upper
nanosheet at the interface. (h) Isosurface of charge density of the maximum unoccupied and minimum occupied states at the I" point. The color
represents the phase of a wave function. Square frame implies a moiré supercell.

Based on the strong localization, some novel devices, for
example, single-electron devices, can be designed.zg‘30 In
addition, expanding the energy scale of interlayer interactions
and band splitting can open doors to new fields to be explored.
For example, quantum information dominates on the scale of 1
meV energy-level splitting. On the scale of tens of meV, THz
electromagnetics is widely investigated. In the range of a few

hundred to thousands of meV (characterized by the band gap
of a semiconductor), optical and semiconducting properties
are particularly important. Moiré superlattices with non-vdW
interlayer coupling are able to function on the energy scale of a
few hundred meV. Thus, despite the similarity in atomic
structure, twisted non-vdW and vdW layers may have
completely different applications.
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Figure 2. Electronic structure of twisted nanosheets. (a) Red and black are the maximum in-plane distortion () and maximum distortion vertical
to the plane as functions of twist angle. Blue is the asymmetry parameter of vortices (1) as a function of twist angle. (b) Excitation energy as a
function of the twist angle in a unit cell. Blue corresponds to the excitation from the first to second flat bands (FS). Magenta corresponds to the
excitation from the first flat band to the dispersed bands (FD). Dashed and black curve represent the number of flat bands inside an AA-stacked
quantum dot. (c—f) Band structures with twist angles of 7.63°, 4.58°, 3.47°, and 2.66°, respectively. All energies are relative to the Fermi level.

The large splitting between flat bands corresponds to a deep
trapping potential in real space, which leads to exotic electronic
states on a small spatial scale and at high temperatures.’’
Among all of the interesting physical phenomena, one is the
generalized Wigner crystal, i.e., the crystal of electrons. Wigner
crystals were proposed decades ago”” and have been probed in
different systems, such as quantum Hall systems, modified
quantum wires, as well as vdW moiré superlattices.”*
Usually, the trapping potential resulting from the splitting of
Landau levels and the flat band splitting is very small, and
therefore, the Wigner crystalline is susceptible to disorder and
thermal fluctuation. As a result, Wigner crystallinity can only
be detected at ultralow temperatures below 10 K, and even
3% Due to the deep
trapping potential in real space, non-vdW moiré superlattices
will be an ideal platform to probe various phases of generalized
Wigner crystal.

In this work, we attempt to fill the gap of strongly coupled
twisted layers through large-scale first-principles calculations
combined with experimental synthesis and transmission
electron microscope (TEM) observations. We begin with our
ab initio calculations-based predictions of flat bands with
atomic orbital-like wave functions that are energetically well
separated from the bulk electronic bands. The energy splitting
of flat bands in non-vdW materials is as large as a few hundred
meV. Based on the extended Hubbard model, after suitable

down to several mK in some cases.
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electron doping, the charge can be well-trapped in “quantum
dots”, forming a Wigner crystal without a magnetic field.
Estimated by the thermal excitation and the band splitting, the
possible Wigner crystal should be robust even at room
temperatures. To experimentally confirm the possibility and
stability of these unusual atomic structures, we synthesized PbS
moiré superlattices with different twist angles. The TEM
observations of superlattices are in good agreement with the
DFT calculations. Non-vdW materials represent a major
component of the aggregate materials landscape, the
conclusion we present here are also applicable for other non-
vdW materials to form new moiré superlattices.

2. RESULTS AND DISCUSSION

2.1. Theoretical Analysis. Conventionally, twisted super-
lattices consist of bilayers or few layers of van der Waals 2D
layered materials, such as graphene or MoS,.”” In contrast to
these layered materials, lead sulfide (PbS) has a nonlayered
rock-salt 3D crystal structure in which atoms are connected
through chemical bonding. Unlike vdW materials, nonlayered
3D materials generally cannot be peeled into 2D layers;
however, 2D structures of nonlayered materials can be
fabricated through chemical synthesis. Here, we study ultrathin
nanosheets of PbS as a model system of nonlayered materials.
We first calculated the band gap of single nanosheets with
different atomic layers. Among them, the thinnest and most
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J. Am. Chem. Soc. 2022, 144, 1465714667


https://pubs.acs.org/doi/10.1021/jacs.2c04390?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04390?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04390?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04390?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c04390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

stable PbS nanosheet is the one consisting of two atomic layers
(Figure 1a). As shown in Figure S1, the band gap decreases
from 1.84 to 0.53 eV as the number of atomic layers increases
from 2 to infinity. Such PbS nanosheets are in the (001)
surface direction. No surface passivation is needed, and there
are no in-gap states on such unpassivated thin layers.

We then built moiré superlattices by commensurately
twisting two nanosheets, as illustrated in Figure 1649 We
performed self-consistent DFT calculations to fully relax the
twisted structures, which contain up to approximately 18000
atoms. The results with a twist angle of 3.47° are shown in
Figure lc. The side view reveals that the atomic reconstruction
is mainly at the interface and its vicinity. Away from the
interface, the atomic reconstruction decays fast. At 8 layers
from the interface, the structure is approximated to the bulk
structure with imperceptible distortions (details shown in
Figure S2).

Due to the high computational cost, our DFT calculations
mainly focus on twisted nanosheets in which each nanosheet
consists of two atomic layers. An example of the 3.47° twist
angle is shown in Figure lef. Here, we find that the maximum
out-of-plane atomic displacement has a value of 0.76 A.
Meanwhile, the in-plane atomic displacement is found to have
a maximum value of 0.44 A. Both the in-plane and out-of-plane
displacements are much larger than the corresponding atomic
arrangements in twisted bilayer graphene. Although strain
patterns due to the out-of-plane reconstruction have been
observed for twisted bilayer graphene and twisted transition-
metal dichalcogenides,””~** it is difficult to observe in-plane
displacement of twisted bilayer graphene in experiment since
the in-plane displacement is smaller than 0.08 A.*> At the
center of AB stacking in the relaxed structure, the atom
distance between Pb and S is about 0.312 nm, which is in good
agreement with the bonding length (0.301 nm) of Pb and S in
bulk PbS. The distance would be around 0.41 nm if those two
atoms are connected by the vdW interactions.’® Besides, we
can estimate the bonding energy using DFT calculations. The
calculated bonding energy is around 0.28 eV/bond, much
larger than the typical vdW interaction (usually below 0.1 eV/
bond).*” For examgple, vdW bonding energy is about 0.03 eV/
bond in graphite.*

The significant reconstruction in twisted PbS layers allows
us to study their symmetry and related properties. Figure le,f
shows the in-plane and out-of-plane reconstruction for the
upper and lower nanosheets at the interface. The out-of-plane
displacement results in a series of strain bulbs, while the in-
plane displacement results in a series of vortices. These vortices
are topologically nontrivial in real space, and they are similar to
Skyrmions in magnetic systems.”” Their chirality in the upper
and lower nanosheets is opposite. We find that the in-plane
components of atomic displacement are well fitted by a simple
sine function as u(x, y) =71y (—sin(y +7 sin(y)), sin(x + 71
sin(x))) as shown in Figure 1d. y and 5 are parameters
characterizing the reconstruction strength and the inhomoge-
neity, respectively. 7 = +1 is the layer index. In this example, y
= 0.44 A and 7 = 0.3 for 3.47° twist angle. Both of these two
parameters are dependent on the twist angle (as shown in
Figure 2a). As the twist angle decreases, the in-plane
reconstruction increases; ie., both parameters increase.
Similarly, the vertical distortion also increases as the twist
angle decreases, but it saturates up to 0.80 A. Interestingly, the
electric dipoles at the interface also have a vortex structure as
shown in Figure 1g. The chirality of the dipole vortices is

opposite between the upper and lower nanosheets. The
vortices of electric dipoles have been long-sought-after in both
experiment and theory.”*~>*

The calculated band structures of twisted nanosheets are
shown in Figure 2c—f. As the twist angle decreases, the
calculated band gap decreases from 1.6 to 1.2 eV. The atomic
reconstruction plays a very important role as shown in Figure
S3. To show the importance of the atomic reconstruction, we
performed geometry optimization with a twist angle of 7.6°
followed by a band structure calculation of just one of the
nanosheets with its reconstructed atomic configuration.
Interestingly, we find that this single reconstructed nanosheet
contains flat bands, while a regular single nanosheet does not
contain any flat bands. These illustrative calculations
demonstrate how the atomic reconstruction that results the
interaction between the layers imprints the moiré structure on
each nanosheet. If relaxation is not included in the twisted
bilayers, the band gap is only about 0.7 eV, which is smaller
than the band gap in the relaxed structure by about 0.6 eV.
Thus, the relaxation is critical to the band structures and
cannot be neglected. Referenced to the vacuum, the values of
valence band maxima (VBM) and conduction band minima
(CBM) will change after the upper layer and down layers in a
unit cell have an interlayer shift. In previous literature, the
largest energy difference of VBM (CBM) among different
stacking configurations is approximated as the potential depth
for VBM (CBM) states.'”*** In this work, the maximum
energy difference of CBM and VBM are found to be 0.2 and
0.157 eV, respectively (see Figure S4).

As the twist angle decreases, the bandwidth near the Fermi
level becomes smaller and smaller. When the twist angle is
smaller than 7.6° the first “flat band” with a bandwidth of
about 5 meV appears in the conduction bands. As the twist
angle further decreases, the width of the bands near the Fermi
level decreases. The width of some unoccupied bands close to
the Fermi level finally decreases to an extremely small value
(below 0.01 meV) when the twist angle is 4.58°. More and
more flat bands appear as shown in Figure 2b as the twist angle
decreases. The flat bands are well separated from other
dispersed bands. When the twist angle is smaller than 3.47°, a
series of flat bands also appear in the valence bands. The wave
functions of flat bands at the I point are localized as shown in
Figure 1h. The wave functions of occupied bands are localized
at AB stacked zones (overlap of different types of atoms at the
interface), while the wave functions of unoccupied bands are
localized at AA stacked zones (overlap of identical types of
atoms at the interface). The helicity of AA and AB zones are
opposite. After atomic relaxation, AB zones expand, while AA
zones shrink to a series of small dots. AA and AB zones form
two well-arranged helical quantum dots, respectively. Interest-
ingly, the helicity is well distinguished for electrons and holes.
In each moiré superlattice, there are two equivalent AA stacked
quantum dots. Thus, flat bands corresponding to AA zones are
at least 2-fold degenerate. The two quantum dots localized at
AA stacked zones form two sublattices (as shown in Figure
1h). There are two quantum dots in each moiré cell. There are
a series of flat bands inside each site of a quantum dot. Above
the Fermi level, the first state has an s-wave symmetry. The
second and third states are degenerate, and they have p, and p,
symmetries. Higher-energy flat bands have wave functions of d-
wave envelope character, if the twist angle is small enough. The
number of the degenerate flat bands matches the model of 2D
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square quantum well.” These states are distributed inside a
quantum dot with a size of around one nanometer.

In the limit of flat bands, the hopping term is zero. The
effective Hamiltonian of materials can be written as (see details
in the Methods)

H= Z Eact’TaCi,a + Z L]i,jCiT(lci,(JCZﬁcj,ﬁ

i,a ia,jf} (1)
where @ and f indicate different orbitals inside a quantum dot.
i and j are the different localization sites of the moiré pattern.
The first term is the effective onsite energy of doped electrons.
In our DFT calculations, even when the system is doped with
electrons, the half-occupation does not lead to spin splitting.
Thus, the effective Hubbard onsite term is zero. According to
previous research, the DFT calcuations are exact enough to
compute the magnetic %round state for flat bands, if the
materials are magnetic.”*° The second term is the Coulomb
interaction between different localization sites and can be

2
U= — where L is the distance between
4rege, L

two localized states. i and j are the indexes of localized states in
real space. We include not only the nearest neighbor but also
other terms of Coulomb interaction going beyond the nearest
neighbor terms in real space. The quantity &, is the vacuum
dielectric constant. The relative permittivity &, of PbS
nanosheet is 13.4 according to previous work.”” The calculated
value is 10.5 for bulk. Usually, 2D materials have an effective
dielectric constant much smaller than the 3D bulk counterpart
due to the lack of screening outside the 2D planes. The
calculated dielectric constant of a monolayer PbS is found to
be 1.9 in the in-plane direction and 1.1 in the direction
perpendicular to the plane. In this work, we use an average of
1.6 as an estimation. The exchange part of Coulomb
interaction is absent between different sites because the
overlap of wave functions at different sites can be neglected.
The electrons here are close to classical particles. The effective
onsite energy E, describes the energy when a doped electron
occupies an orbital inside a localization site. The difference
between different onsite energies is the excitation energy when
an electron is excited from one orbital to another inside a site.
Thus, the effective onsite energy can be fitted by the energy
splitting of different flat bands and dispersed bands. The
energy splitting as a function of twist angle is shown in Figure
2b. The energy separation between the conduction bands can
be as large as 96 meV, when an electron is excited from the
first flat band above the Fermi level to the second band. The
excitation energy can be as large as 283 meV, when an electron
is excited from the first conduction band to other bands with a
large dispersion.

When the system is doped with a low electron
concentration, the ground states of eq 1 are searched using
the variational algorithm method (see the Methods). After
electron doping, the electrons are distributed in a pattern to
lower their total energy as shown in Figure 3. When the twist
angle is large, the Coulomb interaction dominates over the
onsite energy. To lower the Coulomb repulsive force, the
electrons tend to occupy as many orbitals inside a site as
possible and then keep a large distance with its neighbor-
occupied states. The electrons will form a supercell even larger
than the moiré cell. For example, Figure 3a—d shows results for
when the system is doped with 144, 48, 24, or 23 electrons
within a grid of 12 X 12 localized states.

approximated as
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Figure 3. Phases of Wigner crystals. (a—d) Wigner crystals when 144,
48, 24, and 23 electrons are doped in a mesh of 12 X 12 quantum
dots. The twist angle is 4.58°. Each crossing point represents a
quantum dot. Colorful and solid dots represent occupied dots.
Orange, blue, and red represent the occupation of 1, 2, and 3 inside a
quantum dot, respectively. (e—h) Wigner crystals when 144, 48, 24,
and 23 electrons are added in a mesh of 12 X 12 quantum dots. The
twist angle is 2.66°.

As the twist angle decreases, the onsite term tends to be
dominate. If the effective dielectric constant is 1.6, the
estimated critical value is approximately 4°. When the twist
angle is smaller than 4°, the onsite energy dominates over the
Coulomb repulsion interaction. The electrons tend to occupy
as many low-energy orbitals as possible and then lower the
Coulomb repulsion interaction by keeping a large distance
from its neighboring occupied state. For example, when the
doped electron is 1.0 e/site, namely 144 electrons inside 12 X
12 localized states, the electrons will occupy all of the s-states
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Figure 4. Localized states and devices. (a) Illustration of energy levels in a moiré quantum dot. The two p states are degenerate. A minor artificial
splitting is to highlight the band number. (b) DFT-calculated wave functions of different flat bands. The twist angle is 4.58°. (c) Illustration of
reading and writing in a memory device. (d) Illustration of controlling a memory device with gates. (e) Energy shift of a local s-state as a function of
gate voltage. (f) Band structure of twisted PbS layers with gates. The gate voltage is +1 and —1 V on two neighboring localized states.

of all the sites as shown in Figure 3d. Some typical results of
electron concentration are shown in Figure 3e—h. In some
cases, the original translation symmetry and C, symmetry can
spontaneously be broken. Since the quantum-well depth is
large (up to 283 meV under some twist angles), the electron
Wigner crystal is robust against thermal fluctuation. The
Wigner crystal is stable probably at room temperature or even
higher temperatures according to Maxwell-Boltzmann sta-
tistics. All these properties are beyond twisted bilayer
graphene, whose energy separation between the two flat
bands is only on the order of tens of meV.>® Despite the
possible existence of electron Wigner crystals in twisted bilayer
graphene, it is only stable at a low temperature.’

When the twist angle decreases further, the excitation
energy, especially excitation energy from the s-wave state to the
dispersed states, further increases according to Figure 2b. This
implies that the electrons are also difficult to scatter into the
dispersed bands, even if the electron—electron interaction is
turned on. In this case, electron Wigner lattices with a higher
energy than the ground state can be prepared and are also
stable. The observed electron distribution depends on the
process of doping and annealing. As shown in Figure 4a,b, the
deep local states are similar to artificial atoms. If some
electrons are injected one by one as shown in Figure 4c, the

14662

electron will be trapped inside a square quantum dot formed
by moiré superlattices. The localized states can work as a
single-electron memory device. The charged quantum dots
represent 1, and the neutral quantum dots represent 0. The
signals can be read by the single-electron technique.”” The
localized states can be controlled by a gate as shown in Figure
4d. When a negative gate voltage is applied on a local state, the
energy of the local state will be lifted. For example, two square
gates are applied on two AA stacking points. Each gate has a
dimension of 2 X 2 X 0.25 nm®. The dielectric layer is assumed
as Al, O3, and the effective relative permittivity is 4. The energy
shift of a local state is linearly proportional to the gate voltage
as shown in Figure 4e. Roughly, the energy level lifts by 700
meV when the difference of two neighbor gate voltages
increases by 2 V. The detailed band structures are shown in
Figure S5. An example of a band structure with a left gate
voltage of 1 V and a right gate voltage of —1 V is shown in
Figure 4f. According to the wave functions, the several flat
bands near the Fermi level belong to one of the AA stacking
zones. The states of the other AA stacking zones inside a moire
supercell move above the dispersed states, and electrons will
flow away from high-energy states toward low-energy local
states. The regular quantum dot array in the PbS moiré
superlattice may be useful for single-electron devices. The
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device density can be as large as 25 per square nanometer,
which is far beyond the current nonvolatile memory such as
flash memory.

2.2. Experimental Synthesis. Non-vdW moiré super-
lattices are unusual, so their accessibility and stability may be
controversial. In experiments, we used an aqueous synthesis
strategy to grow nanosheets of PbS in solvents. Then ligands
were removed by washing with dilute basic and acidic aqueous
solutions. The naked PbS nanosheets are immediately drop-
casted, and the moiré superlattices were assembled after the
solvent evaporation (illustrated in Figure Sa). TEM imaging

a HLH:I‘-LH I
Pb2 + S2+ %% N s, SRR
“AANH, + > ."AW .W“ —— Wiﬂl %

AAAAAASD; S s twisted

G

0 40 80 0 200 400
width length

Figure S. Synthesis and TEM characterization of PbS twisted layers.
(a) Schematic of the synthetic procedure. (b) Low magnification
TEM image showing the shape and size of PbS nanosheets. (c)
Statistics of the width and length of nanosheets. (d) Side-view TEM
image of twisted layers prepared through FIB. (e) Zoom-in of the
boxed area in (d).

and statistics (Figure Sb,c) show that the nanosheets have a
rectangular shape, with an average width and length of around
40 nm X 200 nm. A series of moiré superlattices with different
twist angles are found in the overlap zones stacked by two
nanosheets. We further perform the side-view imaging through
a combination of focused ion beam (FIB) and TEM (Figure
Sd,e). The side-view imaging shows that the nanosheets have a
thickness distribution ranging from 3 to 10 nm, which
corresponds to 10—34 atomic layers. More importantly, it
reveals a direct contact at the interfaces of all overlapped
nanosheets, validating the successful construction of non-vdW
twisted superlattices.

High-resolution top-view TEM images provide more
structural details, enabling us to compare them with our
calculations. Parts a—c of Figure 6 show the TEM analysis of
an exemplary moiré superlattice with a twist angle of 7.90°.
The FFT pattern (Figure 6¢) shows that both sheets have the
same rock-salt structure and align along the zone axis [001],
showing two sets of C,-symmetric patterns. The two sets of
patterns have a tilted angle of 7.90°. This is how the twist
angles of all superlattices are evaluated. We are especially
interested in structures with small twist angles (Figure 6d,e)
because according to our DFT calculations (shown in Figure
1) the superlattices with small twist angles should look like 2D
arrays of identical quantum dots. As demonstrated in Figure
6e, the moiré superlattice with a 2.66° twist angle consists of
periodic AA/AB regions arranged in the square symmetry and
indeed resembles an epitaxially fused superlattice of quantum
dots. The lattice constant is about 13.7 nm. Some strained
moiré superlattices with strains are found during synthesis
(Figures S6 and S7). The statistics of twist angles (Figure 6f)
suggest that twisted bilayers formed through drop-casting have
an average twist angle (12.6°), which is smaller than the
random distribution (22.5°), probably due to the strong PbS—
PbS interfacial interaction. Unfortunately, due to the technical
challenges in the resolution of vertical atomic positions in the
nanosheets, it is hard to extract the strain vortices at the
interface experimentally.

|1

20 30 40
Twisted angle (deg)

Figure 6. TEM images of moiré superlattices. (a) Overview TEM image. (b) Zoom-in image of boxed area in (a). (c) FFT pattern of (b). Twist
angle measured from the two sets of C, symmetric patterns is 7.90°. (d,e) Atomic-resolution TEM images of moiré superlattices with two small
twist angles. (f) Statistics of the twist angles in moiré superlattices through analysis of high-resolution TEM images.
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3. METHODS

Synthesis and Sample Preparation. PbS nanosheets were
synthesized by mixing a 10 mL aqueous solution of lead acetate (20
mM), thicacetamide (20 mM), formic acid (0.3 M), sodium dodecyl
sulfate (1 mM), and hexylamine (S mM) at 100 °C for 20 min. The
obtained sample was centrifuged and washed at least three times with
sodium hydroxide solution, formic acid solution (10 mM, 1 mL), and
water (1 mL) sequentially. The colloid solution of nanosheets was
then immediately drop-casted onto holey-carbon TEM grids. Grids
with PbS moiré superlattices were heated at 100 °C in a vacuum for 6
h. The morphology of the moiré superlattices was investigated by the
FEI Them IS aberration-corrected TEM at the Molecular Foundry at
Lawrence Berkeley National Laboratory. Samples for FIB were
prepared by drop-casting nanosheets onto a silicon substrate and then
cut into thin slices by Ga beam in a Helios Dual Beam system. The
thin slices were transferred into TEM holders and measured by FEI
ThemlIS. More details about the synthetization and characterization
can be found in our previous experimental work on the synthesis and
optical characterization.”*

Density Functional Theory Calculations. The calculations of
density functional theory were performed using a single-{ atomic basis
set and PBE exchange-correlation functional. The pseudopotential of
FHI is applied. DFT-D2 is applied to include the interlayer molecular
interaction. Due to the large lattice length, a 1 X 1 X 1 k-mesh is used
when the twist angle is below 4.58°. Density-mesh is cut off at 80
hartrees. The spin—orbital coupling is neglected. The atomic positions
in the twisted structures are relaxed until the force on each atom is
smaller than 0.01 eV/A. We tested the GGA+U method with nonzero
U for the structure with a big twist angles above 4.58°, and there is no
significant difference.

Extended Hubbard Hamilton of Flat Bands. Generally, the
Hamiltonian for the multiband Hubbard model is written as

— T T T T
H= Z Eisciotiv + Z tiCisio T Z Uci16igciiCiy
i (ij)yo ic

led
+ Z Uclc cf ¢

ijrictic“jo/jor

ijoc’ (2)

where E;, is the single-electron onsite energy. f; is the hopping

integration, U, is the onsite two-electron Coulomb repulsive

interaction, and Uj is the neighbor electron—electron interaction. ¢

and ¢’ represent spin and run over {1, |}. In the DFT calculations,

the effect of the first and second terms are naturally included. The

third and fourth terms are partially included, although the single-
electron approximation is applied.*’
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For simplification, the spin and orbital indexes have been absorbed in
the index i, j, k, and L

Using this, we map the electronic states near the Fermi level in PbS
moiré superlattices to an effective multiband Hubbard model. For
highly localized states (flat bands), we can set t; to zero. U is the
repulsion energy when two electrons with opposite spins occupy one
state. We can use the spin-polarized DFT method to calculate the
energy difference when a localized state is doped with one and two
electrons. The calculated energy differences of the localized states are
small, which indicates U; is close to 0. In physics, if U; is large enough,
the materials will undergo a spin splitting according to Stoner criteria,
when a flat band is half occupied (one electron in one flat band when
the spin channel is open).®' ~** Then the spin splitting of a flat band is
equal to U for the corresponding localized state at a site. We perform

the DFT calculation with one doped electron. In this case, the first
band above the Fermi level is half occupied considering spin, but
there is no spin splitting. This is another evidence for U; = 0. To avoid
a possible calculation error, we followed a previous DFT calculation of
Sn,Ta,0,% and found a spin splitting when the flat band is half
occupied. Thus, we confirm that the effective U; is small and can be
neglected for the fat bands above the Fermi level in PbS moiré
superlattices. At least, the effective U, is much smaller than the flat-
band separation. A small onsite Coulomb repulsion energy is possibly
due to the large screening inside a localized state. Actually, the onsite
Coulomb repulsive energy estimated bﬁy other methods is not large in
many other twisted bilayer materials.”® One can further reduce the
onsite Coulomb interaction by placing an metal electrode on top of
the “quantum dot” to enhance the screening. Thus, in the following,
we will ignore the onsite Coulomb interaction term.
For the last term, the classical part of Coulomb interaction is

U,

icjor —

dr{ dr)
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and the exchange term is
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Since there is no overlap between the two neighboring sites,
(piﬂ*(rl)qoi,,r(rl) = qoi,,r*(rz)(pi,,(rz) = 0 everywhere. Thus, there is no
exchange interaction. The last term in eq 2 only includes the classical
Coulomb interaction and can be approximated as

2
U= * = 1439 eVnm/e L, where L is the distance between
4nege, L

two localized states. i and j are the indexes of localized states in real
space. The effective Hamiltonian is written as eq 1. We use not only
the nearest neighbor terms but also other terms of Coulomb
interactions beyond the nearest neighbor in real space.

This is different from twisted bilayer graphene. When the twist
angle is close to the magic angle, the bandwidth near the Fermi level is
still not zero. The possible onsite interaction in the third term in eq 2
can be non-zero. Further, the exchange interaction in the fourth term
in eq 2 is non-zero because ¢;,*(r\)@;,(r;) and @;,*(ry)@;,(r,) can
be nonzero. The magnetic properties can be observed in twisted
bilayer graphene.®”*®

Please note the U; and Uj for artificial quantum dots are different
from the U in the GGA+U method of DFT, although they have a
hidden relationship with each other. The U in GGA+U aims to
correct the possible correlated interaction for the atomic orbitals. The
U; and Uj; in our extended Hubbard model are the effective two-
electron interactions for the localized states in moiré superlattices.

Numerical Solutions of Wigner Crystals. The ground states of
eq 1 are explored using the variational algorithm method. For a
certain twisted structure, we know the orbital number of localized
(N,,) in an artificial quantum dot in a moiré superlattice based on the
DFT-calculated band structures. We assume the electrons in the
dispersed bands can freely propagate in the real space. For example,
there are three localized states (N, = 3) in a twisted structure with a
twist angle of 4.58° and all other states above the Fermi level can
freely propagate in real space. Each quantum dot hosts a maximum
electron number of N, without including spin. Then we determine
the static energy of each orbital and all the Coulomb repulsion
interactions in eq 1. For the same example with a twist angle of 4.58°,
the single-electron onsite energy is E; = —0.158 eV, E,, = E,, =
—0.057 eV. Each AA stacking zone is treated as an artificial quantum
dot. We use a 12 X 12 superlattice mesh of artificial quantum dots to
host the doped electrons. Then we doped the desired number (,) of
electrons in the mesh. When the #, electrons occupy different orbitals
at different sites, the system energy is the sum of all electrons’ orbital
energy and the Coulomb repulsion energy between any two electrons
at different sites. By changing the occupation of orbitals at each site of
the 12 X 12 mesh, the occupation configuration with the minimum
energy is the desired ground state of the Wigner crystals. The self-
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developed code is performed to search the ground states of the
Wigner crystals based on the above algorithm.

4. CONCLUSIONS

In the previous literature, moiré superlattices are mainly
stacked by twisted 2D vdW layer materials. Here we
synthesized non-vdW material moiré superlattices. TEM
observations confirmed the twisted PbS layers with interlayer
chemical bonds. The structure is similar to the square matrices
of quantum dots. Theoretically, we found the strong interlayer
coupling leads to giant chiral strain and dipole vortices at the
interface. The calculated electronic structures of twisted
structures show a series of ultraflat bands with atom-like
wave functions, which are also like quantum dots on the
nanoscale. Our calculations suggest that if the twisted PbS
layers are doped with a low concentration of electrons then
different phases of Wigner crystallinity will spontaneously form
according to numerical simulation.
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