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Moiré superlattices in twisted homo-bilayers have revealed exotic
New concepts

Moiré superlattices, existing in both untwisted and twisted heterostruc-
tures as well as twisted homo-structures, have gained increasing attention

electronic states, including unconventional superconductivity and
correlated insulating phases. However, their fabrication process

often introduces moiré disorders, hindering reproducibility and for their potential to host exotic electronic states. However, the formation
experimental control. Here, we propose an alternative approach and characterization of moiré superlattices in untwisted homo-structures
using gradient strain to construct moiré superlattices in untwisted remain largely unexplored, particularly for their geometric and electronic

properties. In this work, for untwisted homo-structures, we propose and
demonstrate a novel theoretical strategy for constructing moiré super-
lattices using in-plane strain gradients (gradient strain) in bilayer gra-

bilayer graphene (gs-BLG). Through force-field and first-principles
calculations, we show that gs-BLG exhibits kagome-like interlayer-

spacing distributions and strain-tunable kagome electronic bands. phene. By using combined force-field relaxation methods and large-scale
The competition between interlayer coupling and in-plane strain density functional theory calculations, we identify three kagome-like
relaxation leads to distinct structural deformations, giving rise to patterns in fully relaxed geometries and reveal that the associated kagome

electronic bands near the Fermi level are tunable via in-plane strain
conditions. These kagome-related properties are rationalized by correlat-
ing local stacking-order-dependent interlayer couplings with both in-

three forms of diatomic kagome lattices: subtle, pronounced, and
distorted. kagome electronic bands are identified near the Fermi

level in their band structures. Modulating strain gradients enables plane and out-of-plane structural distortions. Furthermore, we establish
tailoring bandwidths and signs of hopping parameters of these a connection between hexagonal lattices observed in ridge bilayers and
kagome bands, providing a versatile platform for studying exotic kagome lattices in fully relaxed bilayers via their line graph representa-

tions. Our work extends the family of materials hosting novel physical
phases to untwisted homo-bilayers, opening exciting avenues for strain-
engineering of quantum electronic states in low-dimensional materials.

electronic phases. Our findings establish gradient strain as an
alternative to twist engineering, opening an avenue for exploring
emergent electronic phases in graphene-based systems.
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using strategies such as twisting or mismatched lattices.
Numerous combinations of lattice-mismatched 2D hetero-
bilayers and tunable twist angles diversify the periodicity and
symmetry of moiré superlattices." Electronic flat bands and
their resulting strong correlation effects were observed in
twisted bilayer graphene®* and transition metal chalco-
genides.>® A wide spectrum of resulting intriguing states,
including unconventional superconductivity,”® correlated in-
sulating states,'*"® Wigner crystals'"® and rich topological
features'>™'® were found in twisted bilayers. Moreover, the
slowly varying moiré potential in moiré superlattices signifi-
cantly promotes the formation of moiré excitons, including
both inter- and intra-layer excitons, as well as moiré trions."*>"
However, even slight structural perturbations can signifi-
cantly vary the electronic properties of these moiré super-
lattices.?*”>* For instance, superconducting states observed in
magic-angle twisted bilayer graphene may vanish even under
fluctuations of 0.1° for the twisting angle or 1 nm for the
superlattice periodicity.>>*® Additionally, the introduction of
twisting in most experimental assembly techniques inevitably
induces strain fluctuations, referred to as moiré disor-
2227729 The twisting-induced moiré disorders severely limit
the reproducibility of experiments and thus the alignment with
theoretical findings.*** To address this challenge, researchers
employed minimal twist angles (approaching untwisted)**> and
large twist angles near 30 degrees,*® combined with strain, to
reduce moiré disorder. These strategies facilitated the observa-
tion of electronic flat bands and other novel electronic states in
the samples. However, exploring exotic electronic states in
untwisted moiré superlattices with minimal moiré disorder
offers a more straightforward approach. For instance, fractional
Chern insulating states were predicted in untwisted but peri-
odically strained monolayer graphene.’” Moreover, a one-
dimensional flat band was experimentally observed in an
untwisted Bi(110)/SnSe(001) heterostructure.*® Graphene is
the strongest 2D material ever measured, which can endure a
reversible tensile strain up to 25%,>°™** showing its potential
for forming moiré superlattices implemented by strain. By
applying a bubble structure, bilayer graphene exhibits a strain
difference of approximately 2% between the two layers.**™*’
Inspired by experimental observations, here, we theoreti-
cally construct gradient-strained bilayer graphene (gs-BLG)
moiré superlattices by introducing an in-plane strain difference
in untwisted bilayer graphene. Using force-field structural
relaxations and first-principles density functional theory
(DFT) calculations, we reveal kagome-like interlayer-spacing
patterns and resulting kagome electronic bands (flat bands
and flattened Dirac bands) near the Fermi level. We first
present the structural models of gs-BLGs, highlighting differ-
ences among the four local stacking configurations. Structural
relaxations reveal distinct interlayer-spacing maps forming
subtle, pronounced, and distorted diatomic kagome lattices.
Our DFT calculations verify the emergence of kagome bands,
with wavefunction visualizations validating their real-space
distribution. Furthermore, we demonstrate that strain gradi-
ents can be used to tune kagome band dispersion, offering an

ders.
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approach to engineering electronic properties. Finally, we
establish a direct correlation between out-of-plane corrugation
and kagome patterns, demonstrating gradient strain as an
effective strategy for constructing moiré superlattices and rea-
lizing novel electronic states.

2. Results and discussion

2.1. Geometric structure of gradient-strained bilayer
graphene

A gs-BLG moiré superlattice could be constructed by stacking a
3N x 3N and a (3N — 1) x (3N — 1) graphene monolayer
supercells together. A series of gs-BLG moiré superlattices can
be constructed in varying strain rates by adjusting the supercell
size (N) (Fig. S1, ESIT). Fig. 1a shows a gs-BLG model, without
structural relaxations, for N = 12, in which the gs-BLG consists
of a 35 x 35 (gray, top layer) and a 36 x 36 (red, bottom layer)
graphene supercell. Its electronic band structures and real-
space distributions of wavefunctions are briefly discussed in
Fig. S2 (ESIf). Each gs-BLG moiré superlattice contains four
distinet high-symmetry stacking configurations, namely AA, AB,
BA and SP, as highlighted in Fig. 1a, and they are shown in
detail in Fig. 1b. In the AA stacking (blue in Fig. 1), each atom of
the top layer is positioned directly over a carbon atom of the
bottom layer, a half-unit-cell lateral shift results in the AB
(violet) or BA (orange) stacking. Moreover, there is a transition
stacking configuration between AB and BA, referred to as the SP
(saddle point) stacking (green). The optimal layer spacings and
relative energies of these stacking configurations, together with
their atomic models, are depicted in Fig. 1b.

In the gs-BLG models, the top and bottom layers share the
same superlattice constant. The in-plane strains of the two
layers can take three primary combinations, determined by the
supercell lattice constant: (1) the top layer stretches to conform

Interlayer spacing (A)
w
o
3

Fig.1 (a) Top- (upper panel) and side-views (lower panel) of atomic
structures of an in-plane gradient strained bilayer graphene moiré super-
lattice. The top layer (in grey) consists of 3N — 1 x 3N — 1 (here, N = 12)
graphene unit cells and the bottom layer has 3N x 3N graphene unit-cells.
The top and bottom layer are subjected to potential strains to ensure they
have the same in-plane lattice constants for the bilayer supercell. The
supercell is marked by the black dashed diamond. Within the diamond,
four high-symmetry stacking orders are denoted by differently colored
circles, with inset texts showing their labels. (b) Optimal interlayer spacing
and relative energy profile of four high-symmetry stacking orders along
the red dotted arrow shown in (a). Atomic models are presented for these
four stacking orders inside the circles with associated colors.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Atomic structure of gradient-strain bilayer graphene. (a) Top views of the atomic structures for: SN-gs-BLG under 2.86% stretched strain applied
to the top layer, (b) SC-gs-BLG under +1.44% stretched (compressive) strain applied to the top (bottom) layer, and (c) NC-gs-BLG under -2.78%
compressive strain applied to the bottom layer. (d)-(f) Projections of the corresponding interlayer spacing of the three, and the white in color bar
corresponds to the optimal interlayer spacing of the SP stacking. Black dashed diamonds and differently colored circles represent the supercell and the

four stacking orders in the same scheme used in Fig. 1a.

to the non-strained bottom layer (SN-gs-BLG); (2) the top-
(bottom) layer stretches (compresses) to accommodate an
averaged lattice constant (SC-gs-BLG); (3) the bottom layer
compresses to match the non-strained top layer (NC-gs-BLG).
Two additional combinations, where both layers are simulta-
neously stretched (SS-gs-BLG) or compressed (CC-gs-BLG), also
exist and show geometry and electronic structures similar to
SN- and NC-gs-BLGs, respectively. Therefore, this work focuses
on the first three combinations.

Fig. 2(a—c) show the fully relaxed atomic structures of these
three gs-BLGs for N = 12, exhibiting distinct in-plane strain
values: 2.86% stretching for the top layer in SN-gs-BLG (case 1,
Fig. 2a), +1.44% averaged strain for SC-gs-BLG (case 2, Fig. 2b),
and —2.78% compression for the bottom layer in NC-gs-BLG
(case 3, Fig. 2c). Relaxed SN- and SC-gs-BLGs structures feature
patterns combining hexagonal (AB and BA regions, violet and
orange circles) and triangular (AA regions, blue circles) lattices,
as depicted in Fig. 2a and b. However, NC-gs-BLG displays a
three-pointed star pattern centered at the AA stacking regions
(blue circles). The SP stacking regions (green circles) shifted
toward the AA regions, causing the original AB and BA regions
to rotate and expand, maximizing their areas (Fig. 2c).

These structural variations are linked to out-of-plane distor-
tions, represented with out-of-plane local atomic displacement
(ALoop), which establish distinct interlayer-spacing (Ad) pat-
terns. Fig. 2(d-f) presents the maps of interlayer spacing for the
three gs-BLGs, highlighting the relative out-of-plane distor-
tions. While interlayer spacing is closely tied to stacking order,
different in-plane strain combinations significantly reshape
spatial distribution patterns. Regions with the smallest inter-
layer spacing are represented in dark red in Fig. 2(d-f), form

This journal is © The Royal Society of Chemistry 2025

subtle diatomic (SN-gs-BLG, Fig. 2d), pronounced diatomic
(SC-gs-BLG, Fig. 2e), and distorted diatomic (NC-gs-BLG,
Fig. 2f) kagome lattices, delineated by green dashed triangles
and lines. Additional visualizations and discussion of these
structures and out-of-plane structural corrugations are pro-
vided in Fig. S3 (ESIY).

Interlayer-spacing patterns arise from a competition bet-
ween in-plane elastic (strain) energy and interlayer coupling
energy. Both SN- and SC-gs-BLGs exhibit similar interlayer-
spacing patterns (Fig. 2d and e), primarily ascribed to biaxial
in-plane stretching. While out-of-plane deformation is minimal
under in-plane stretched strains, the distribution of in-plane
deformation depends on interlayer interactions. In strongly
coupled AB and BA stacking domains (red in Fig. 2d and e),
local lattice mismatch is minimized to preserve interlayer
coupling strength. Conversely, weakly coupled AA stacking
domains (in blue) concentrate most in-plane deformation,
efficiently relieving stress with minimal interlayer interaction
breakdown cost. This redistribution of structural deformation
also leads to small out-of-plane corrugations (<0.4 A) around
the AA regions facilitating strain release. Fig. S4 (ESIt) illus-
trates the in-plane distortion [local atomic displacements
(ALip)] and out-of-plane distortion distributions, supporting
this analysis.

Under pure compression in NC-gs-BLG, the in-plane elastic
(strain) energy increases substantially, causing the interlayer
coupling energy of the original AB and BA domains to
be insufficient to balance the heightened strain energy.
Thus, out-of-plane distortions become significantly amplified
(see Fig. S4, ESIt), more effectively relieving compressive stress.
The interlayer spacing in the AA regions increases from 3.4 A to

Nanoscale Horiz.
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Fig. 3 Electronic properties of gs-BLGs. (a)-(c) Layer atomic projection energy band diagrams for SN-gs-BLG, SC-gs-BLG, and NC-gs-BLG. The
colorbar on the right side of (c) indicates the weight distribution between the top and bottom layer in the projection band. Gray-blue colored lines
represent bands combinedly contributed from both the top layer and the bottom layer, while the light blue and orange lines indicate dominance by the
top layer and bottom layer. Darker blue (red) lines, signify nearly exclusive contribution from the top (bottom) layer. The dashed lines highlight one or two
sets of kagome bands. (d)—(g) Plots of |¢|? for the top layer (TL, (d) and (f) and bottom layer (BL, (e) and (g) for the flat band (dark green dot) and the Dirac
point (dark gold dot) shown in (a). (h) and (i) and (j) and (k) Plots of |¢|? for the BL (h), (i) and (k) and TL (j) for FB1 (dark green dot), DP2 (bright green dot) and
FB2 (brown dot) shown in (b). (1) and (m) and (n) and (o) Plots |(/)|2 for the TL (1) and (n) and BL (m) and (o) for FB1 (dark green dot) and FB2 (brown dot)
shown in (c). The isosurface value of the wavefunctions are 1 x 107> e A=>. Black dashed diamonds and differently colored circles represent the supercell

and the four stacking orders in the same scheme used in Fig. 1a.

over 6.5 A (Fig. 2f). Moreover, strongly coupled AB and BA
domains (red in Fig. 2f) expand their areas through in-plane
rotations, namely AB domains rotate counterclockwise, while
BA domains rotate clockwise, further lowering the total energy
of compressed NC-gs-BLG. These rotations drive the SP stack-
ing regions (green circles) to converge, from the midpoints of
AB and BA domains, toward the AA regions (Fig. 2c¢ and f).
A distorted diatomic kagome lattice forms by connecting
regions of small interlayer spacing (dark red regions), as
delineated by dark green dashed triangles and lines in Fig. 2f.

2.2. Electronic properties of gradient-strained bilayer
graphene

Given the formation of three diatomic kagome lattices, kagome
bands are anticipated in the band structures of these gs-BLGs,
as confirmed by our DFT calculations. Fig. 3a presents the
layer-projected band structure of SN-gs-BLG, highlighting
kagome bands (green dashed lines) characterized by a Dirac
point (DP1) and a flat band (FB1). A lower-energy nominal FB
(residing near the Fermi level at the Gamma point) appears
obscured due to perturbations from neighboring bands, which,
together with bands FB1 and DP1, exhibit partial characteristics
of diatomic kagome bands. The diatomic kagome band
features become pronounced in SC-gs-BLG, aligning with the
interlayer-spacing map, as illustrated in Fig. 3b. The previously

Nanoscale Horiz.

observed DP1 and FB1(in green) persist, while new DP2 and
FB2 bands (in brown) emerge, exhibiting quintessential elec-
tronic band features of a diatomic kagome lattice.*® Fig. 3c
presents the band structures of NC-gs-BLG, which reveals two
sets of kagome bands, namely KB1/DP1 (in green) and KB2/DP2
(in brown). These six bands represent characteristic bands for a
distorted diatomic kagome lattice with opposite signs of hop-
ping parameters. In the absence of spin-orbit coupling (SOC),
the states at the Dirac point of KB1 and at the I'-point of KB2
and DP2 exhibit small gaps due to inversion symmetry break-
ing. Additionally, orbital projections further reveal that the
kagome bands primarily originate from C p, orbitals, with
minor contributions from in-plane p orbitals, as detailed in
Fig. S5 (ESIY).

The real-space wavefunction norm squares |¢|> of these
kagome bands further illustrate their intrinsic connection to
the kagome lattices. To distinguish the wavefunction distribu-
tion properties more clearly, Fig. 3(d-g) present layer resolved
|@|? of the kagome bands in SN-gs-BLG at the K point of the
first Brillouin zone (highlighted with solid dots in Fig. 3a). For
FB1, the |p|*> in the top layer (Fig. 3d) is predominantly
localized in the AB/BA stacking domains, exhibiting hexagonal
lattice symmetry. In contrast, the |@|> in the bottom layer
(Fig. 3e) is concentrated in the SP stacking domains (Fig. 3e),
forming an electronic kagome lattice, thereby confirming the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Energy dispersion of the flat (black squares) and Dirac (red dots) bands for the five gs-BLGs. The red, yellow, and blue backgrounds represent
configurations of pure tension, both tension and compression, and pure compression, respectively. (b) Out-of-plane distortion for top layer of SN-gs-
BLG. (c) Out-of-plane distortion for the bottom layer of SC-gs-BLG and (d) the illustration of the kagome line graph framework. (e) Out-of-plane
distortion for the bottom layer of NC-gs-BLG and (f) the illustration of the distorted kagome lattice line graph framework, where the cores (grey) are
located on the honeycomb sublattice and the linkers (green) on the distorted kagome sublattice. The red and green dashed lines outline the (distorted)
kagome lattices. Black dashed diamonds and differently colored circles represent the supercell and the four stacking orders in the same scheme

used in Fig. 1a.

presence of the kagome flat band in SN-gs-BLG. In contrast, the
layer-resolved |p|”> distribution of DP1 (Fig. 3f and g) reveals
that the state in the top layer (Fig. 3f) is concentrated within the
AA domains, while their interstitial region forms a hexagonal
pattern. The state in the bottom layer (Fig. 3g) exhibits a
qualitatively complementary pattern, in which the regions with
higher charge densities (shown in darker red) form an obscured
electronic kagome lattice. This layer-resolved wavefunction
behavior emphasizes the critical interplay between stacking
domains and the resulting electronic structure of these
kagome bands.

For SC-gs-BLG (Fig. 3h-k), the |¢@|> in the bottom layer of
FB1 (Fig. 3h) exhibits a similar pattern to that of SN-gs-BLG
(Fig. 3e), while the distribution of DP1 is analogous to that in
SN-gs-BLG and is therefore not shown. For FB2, the |¢|” in the
bottom layer (Fig. 3i) shows a delocalized feature mapped with
an obscured kagome pattern, which is consistent with its larger
dispersion compared to that of FB1. The DP2 states projected
on the top (Fig. 3j) and bottom (Fig. 3k) layers exhibit similar
features in that the wavefunctions are localized around the AA
regions. However, the wavefunction observed at the SP regions
is complementary in the two layers.

The wavefunction distributions of FB1 and FB2 in NC-gs-
BLG (Fig. 31-0) are particularly interesting because the distribu-
tion of bands on layers is locked. In particular, the projections
of FB1 on the top layer (Fig. 31) and FB2 on the bottom layer
(Fig. 30) share the same distorted kagome lattice feature. In

This journal is © The Royal Society of Chemistry 2025

comparison, FB1 on the bottom layer (Fig. 3m) and FB2 on the
top layer (Fig. 3n) exhibit another distorted kagome lattice
feature. The rotation operations are opposite in direction in
these two lattices. Although not strictly identical, these dis-
torted kagome lattices are similar to the geometry and the
interlayer-spacing map. These facts indicate that the emergent
kagome bands originate from particular distributions of elec-
tronic states, driven by structural relaxation-induced local dis-
tortions. Moreover, the electronic states and kagome band
structures observed in the N = 12 case remain robust within
the range of 10 < N < 20. The geometric and electronic
structures for the N = 11 case, another analogous example to
the N = 12 case, are presented and discussed in Fig. S9 (ESIt) to
illustrate the robustness of these kagome features.

Interlayer charge redistributions are also related to the AB
and BA stacking domains. Fig. S6 (ESIT) displays the differential
charge density (DCD) of these three gs-BLGs, illustrating that
interlayer charge redistribution, primarily occurring within AB
and BA domains, grows progressively stronger under compres-
sive strain. Furthermore, we plotted the electronic structures of
SS-gs-BLG and CC-gs-BLG in Fig. S7 (ESIt), where robust Dirac
and flat bands are also observed in their band structures. Given
these two additional cases, we reveal a trend for bandwidth
variation of kagome bands under gradient strains. Fig. 4a
shows monotonic variations in the bandwidths of the Dirac
and flat bands as the lattice shrinks. Specifically, we observe
that a pure stretched strain favors more linear Dirac and flatter

Nanoscale Horiz.
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flat bands. As the degree of compressive strain freedom
increases, the energy dispersion of Dirac and flat bands con-
verges. This behavior suggests a potential analogy to the angle
dependence observed in twisted bilayer graphene.*® By apply-
ing appropriate gradient strain over larger-sized samples, the
Dirac bands near the Fermi level may potentially be fully
flattened, paving the way for exotic correlated electronic states.

2.3. Correlation of electronic states and out-of-plane
distortions

Next, we establish the correlation between the kagome electro-
nic states and the out-of-plane structural distortion. Here, the
out-of-plane distortions are quantified by projected lengths
along the z-axis of C-C bonds (see Fig. S4 for details, ESIT).
Positive and negative projection values indicate that the
distortion-induced atomic displacements are aligned and the
z-axis is anti-aligned. Although the out-of-plane distortion is
negligible (<0.01 A) in SN-gs-BLG, the zero out-of-plane dis-
placement regions (white in Fig. 4b) already form a kagome
lattice, as highlighted with red ellipses. Each zero-displacement
region spans the two smallest interlayer-spacing regions
marked in Fig. 2d, exhibiting its spatial anisotropy in the
real-space. Moreover, these regions are also spatially corres-
ponding to the observed charge density of kagome electronic
states shown in Fig. 3e and g.

The introduction of compression in SC-gs-BLG leads to
larger out-of-plane displacements (>0.10 A), as shown in
Fig. 4c. Unlike the SN-gs-BLG case, the zero-displacement
regions are connected into a continuous hexagonal pattern,
which covers all smallest interlayer-spacing regions spatially.
This hexagonal pattern is analogue to the hexagon lattice
shown by gray lines in Fig. 4d. The wavefunctions are visualized
in Fig. 3h and i indicate the kagome electronic states are
distributed around the middle points of the hexagonal edges
(the SP regions). These SP regions represent the nodes of the
line graph of the original hexagonal lattice, in other words, a
kagome lattice.”®

The out-of-plane displacements further enlarge to over 0.5 A
in NC-gs-BLG and form a chiral pattern of the out-of-plane zero-
displacement regions (white in Fig. 4e), sufficiently relieving in-
plane compressive strains. This chiral zero-displacement pat-
tern covers most of the rotated AB and BA domains, consistent
with the distorted diatomic kagome lattice observed in the
strongly varied interlayer-spacing distribution map. It is also
analogous to anti-trichiral structures already used in mecha-
nistic metamaterials,”’>* as reproduced by gray curved lines
shown in Fig. 4f. Like those in SC-gs-BLG, the kagome electro-
nic states are also distributed around the SP regions. Never-
theless, these SP regions converge to the AA regions, not
at the middle points of the AB and BA regions, unlike those
in SC-gs-BLG. The line graph (Fig. 4f) of the chiral zero-
displacement pattern outlines a distorted kagome lattice where
the SP regions (green in Fig. 4f) are located at the nodes of the
lattice. Moreover, Fig. S8 (ESIT) depicts the maps of local strains
for SS- and CC-gs-BLGs.
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3. Conclusions

These findings indicate that the interlayer coupling drives out-
of-plane structural distortions under in-plane gradient strain,
giving rise to three different diatomic kagome patterns. The SN-
gs-BLG and SC-gs-BLG primarily release in-plane strain differ-
ences through in-plane distortions, sufficient to accommodate
the imposed strains. As a result, out-of-plane distortions
remain minimal, favoring the interlayer interactions while
maintaining the same symmetry as the in-plane distortions,
ultimately forming undistorted diatomic kagome lattices. In
NC-gs-BLG, however, the in-plane compressive strain is signifi-
cantly large, making it unlikely to be fully released through in-
plane distortions alone. Instead, the out-of-plane distortions
dominate, nearly two orders of magnitude larger than the in-
plane ones, which compete with interlayer stacking interac-
tions, forming a chiral distorted kagome lattice. The emergence
of these strain-induced distortions provides strong evidence for
the realization of kagome lattice structures in fully relaxed gs-
BLGs.

In summary, we have demonstrated that untwisted bilayer
graphene under gradient strains (gs-BLG) can form moiré
superlattices that exhibit kagome electronic states. Through
detailed force-field calculations for structural relaxations and
first-principles calculations for electronic properties, we estab-
lished that the competition between interlayer coupling and in-
plane strain relaxation governs the structural deformations,
ultimately leading to the formation of three diatomic kagome
lattices under different gradient-strain conditions. The electro-
nic structure of these strained bilayers reveals kagome bands
featuring Dirac and flat bands, with their bandwidths tunable
via strain modulation. Notably, we observed that compressive
strain enhances out-of-plane distortions, which not only signifi-
cantly influence the electronic states but also induce structural
chirality, potentially enabling further tailoring of kagome-
related electronic properties. Recent experimental advances
have demonstrated that gradient strains in multilayer materials
can be introduced up to approximately 3.3% through the use of
hetero-substrates for top and bottom layers,>® bubble-induced
curvature,’® and the use of flexible polymers®” or high-thermal-
expansion metal substrates.®® This upper limit exceeds the
gradient strain needed for the N = 12 case (~2.9%). A recent
theoretical study has also explored relevant work.>® Thus, as a
feasible tool for engineering electronic structures in 2D materi-
als, the introduction of gradient strain provides a relatively
robust and controllable approach to constructing moiré super-
lattices, which mitigates the limitations imposed by twist-
induced moiré disorders. Our results suggest a promising
avenue for the experimental exploration of strain-engineered
correlated electronic states in untwisted graphene bilayers and
beyond, with implications for novel quantum states.

4. Methods

All structural relaxations of the homogenously strain graphene
bilayers were performed using the implementation of a force

This journal is © The Royal Society of Chemistry 2025
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field, facilitated by the large atomic/molecular massively paral-
lel simulator (LAMMPS).®® The C-C interactions within each
graphene layer were described using a second-generation reac-
tive empirical bond order (REBO) potential,®* while the inter-
layer van der Waals interactions were accounted for via the
Kolmogorov-Crespi (KC) potential.®”> All atoms were fully
relaxed until the residual force per atom was less than
1.0 x 107* ev A™'. The lattice constant of the graphene
primitive cell calculated by LAMMPS is 2.46 A, in agreement
with the experiment. The local in-plane strain is defined
I(r)cos(e(r)] — I
Re
coordinates of a C-C bond in the fully relaxed structure, [ is the
fully relaxed length of the C-C bond, Igc = 1.42 A is the
equilibrium bond length of freestanding graphene, and
o denotes the angle between the bond and the x—y plane. For
simplicity, the in-plane strain is visualized through in-plane

as ep(r) = , where r represents the position

geometrical displacement ALjpr = e1p(r)I2 in Fig. S4 (ESIY).
Analogously, the local out-of-plane (shear) strain is formulated
[(r)sinfo(r)]
0
cc
cement is defined as ALoop(r) = €oop (), providing a direct
metric of out-of-plane distortion.

Density functional theory calculations were performed using
the generalized gradient approximation (GGA) with the Per-
dew-Burke-Ernzerhof (PBE) for the exchange-correlation
potential, linear combined atomic orbitals (LCAO) method,
and a single-zeta polarized (SZP) atomic orbital basis set as
implemented in the RESCU package.®® The real space mesh
resolution was set to 0.35 Bohr, and the convergence criteria for
electronic energy and charge density are both set to 10~ to
ensure good convergence. Two k-meshes of 3 x 3 x 1 and
1 x 1 x 1 were adopted for calculations on the 11 x 11 +
12 x 12 and 35 x 35 + 36 x 36 supercells, respectively. The
models have a vacuum thickness up to about 36 A in the
z-direction to avoid interactions due to periodicity at the sur-
face. For the layer-resolved wavefunction, we obtain the bilayer
partial charge density at the K point of the first Brillouin zone,
subtract the total charge density of either the top or bottom
layer, and visualize the charge accumulation region to repre-
sent the layered wavefunction.

as coop(r) = . Its corresponding out-of-plane displa-
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