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Moiré-pattern-based potential engineering has become an important way to explore exotic physics in a
variety of two-dimensional condensed matter systems. While these potentials have induced correlated
phenomena in almost all commonly studied 2D materials, monolayer graphene has remained an
exception. We demonstrate theoretically that a single layer of graphene, when placed between two bulk
boron nitride crystal substrates with the appropriate twist angles, can support a robust topological ultraflat
band emerging as the second hole band. This is one of the simplest platforms to design and exploit
topological flat bands.
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Introduction.—Since the initial isolation of graphene,
these 2D sheets of carbon atoms have shown remarkable
electronic properties [1,2]. Despite early expectations to
the contrary [3], the properties of monolayer graphene are
mostly understood in a weakly interacting framework [4].
There have been numerous proposals to modify graphene’s
electronic properties [5]; the most dramatic of these is
applying an external moiré periodic potential [6].
Although moiré potentials in graphene induced by a
hexagonal boron nitride substrate modify several of its
electronic properties—including the emergence of secon-
dary Dirac points [7] and electronic band gaps [8–10]—the
system remains weakly correlated.
Twisted bilayer graphene was the first moiré-based

system to show signatures of strong electron-electron
interactions, a consequence of their very flat bands [11]
that are often topological [12]. Experiments in such twisted
moiré graphene have observed several interesting phenom-
ena including superconductivity [13], correlated insulators
[14], ferromagnetism [15], fractional Chern insulators [16],
etc. Beyond twisted bilayers, correlated physics has also
been seen in many families of graphene-based materials
with single-moiré potentials including twisted monolayer-
bilayer [17–19], twisted double-bilayer [20], and twisted
multilayer graphene systems [21].
A double moiré is defined as perturbing a 2D material

with two distinct moiré potentials. This can be accom-
plished by encapsulating graphene with top and bottom
h-BN substrates [22–24] or using a very recently demon-
strated configuration [25] where three graphene layers are
twisted relative to each other with two unconstrained
angles. This often results in nonperiodic or quasiperiodic
potentials. A special case of the double-moiré potential is a

super-moiré lattice potential, where the two moiré poten-
tials are commensurate but not identical.
In this Letter, we demonstrate that a super-moiré lattice

potential applied to monolayer graphene induces a flat,
stable, and well-separated topological band that is likely to
give correlated physics similar to other graphene-based
moiré systems. Since this just involves a single carbon layer
encapsulated by bulk h-BN crystals, our proposal is the
minimal setup required to observe correlated moiré physics
in a graphene-based system and could serve as the Rosetta
stone for understanding correlated phenomena in other
more complicated twisted configurations. We also find
similar topological flat bands in encapsulated Bernal
bilayer graphene and in rhombohedral graphene trilayers
making our proposed scheme very generic.
Since monolayer graphene and hexagonal boron nitride

(h-BN) are the two most prominent two-dimensional van
der Waals materials and are commonly used in stacked
combinations, one might ask if such a configuration has
been previously studied. It is well known that single-moiré
superlattices lead to significant modifications to the optical
and electronic properties of monolayer graphene, but the
electronic bands are not flat and do not show signs of
correlation physics [8]. However, some existing double-
moiré devices could have unintentionally formed a com-
mensurate super-moiré lattice potential, for example, and
our proposal might have already been observed in recent
experiments where about 8% of their double-moiré samples
showed signatures of flat bands and possible correlated
behavior [26]. With new experimental advances [27] to
control the substrate alignment, it is now possible to
reliably engineer such super-moiré potentials, making it
feasible to test these predictions. Although there are some
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exotic proposals for generating flat bands in monolayer
graphene, e.g., by applying a periodic strain profile [28], to
our knowledge, inducing a topological flat band in mono-
layer graphene by pure moiré potentials has not previously
been discussed.
Model.—The effect of h-BN on the electronic and optical

properties of graphene in G=h-BN heterostructures is
typically included either employing an effective periodic
potential [29–31] or by adopting the original continuum
model for twisted bilayer graphene [6,11] but replacing one
graphene layer with h-BN [32]. Both these approaches
have had considerable success in modeling single-moiré
potentials. These models have also been used to study
double-aligned-moiré potentials both with [33] and without
[26] a relative displacement between the two h-BN stacks.
To model a super-moiré lattice potential, we generalize
these approaches using a Hamiltonian symbolically repre-
sented by the following 3 × 3 matrix:

H ¼

2
664
Hbottom-h-BN B† 0

B HA T†

0 T Htop-h-BN

3
775; ð1Þ

where HA is the effective Hamiltonian for the “active”
graphene subsystem (e.g., monolayer, Bernal bilayer, or
rhombohedral trilayer graphene considered here) encapsu-
lated by top and bottom h-BN stacks with Hamiltonians
Htop-h-BN ¼ Hbottom-h-BN ¼ diagðVN; VBÞ, respectively. We
use ðVN; VBÞ ¼ ð−1400; 3340Þ meV for the on-site ener-
gies for nitrogen and boron atoms [32].We have verified that
incorporating the overlap between B and N atoms [34]—
specifically, the off-diagonal terms in the block Hamiltonian
of h-BN—has no impact on our results. Additionally, the
inclusion of extra layers in the h-BN Hamiltonian makes no
visible difference to our findings [35]. (Details can be found
in Supplemental Material [36].)
B and T represent the moiré coupling matrices that

couple electronic states of the graphene subsystem with
electronic states of the bottom and top h-BN stacks,
respectively.
Following the usual convention (see, e.g.,

Refs. [31,32,37]), we fix the lattice vectors a1 ¼ að1; 0Þ
and a2 ¼ a½1

2
; ð ffiffiffi

3
p

=2Þ�, where a ¼ 0.246 nm. The lattice

vectors of the rotated h-BN stacks are aT=Bi ¼
MRðθT=BÞai, where RðθT=BÞ is the rotation matrix para-
metrized by the amount of twist angle for top θT and
bottom θB h-BN stacks andM ¼ ah-BN ¼ 1.018a. Stacking
graphene with a given h-BN substrate leads to a hexagonal
single-moiré structure with lattice vectors given by
LT=B
i ¼ ½1 − RðθT=BÞ−1M−1�ai. The super-moiré lattice

occurs when the top and bottom moiré potentials are
commensurate but not aligned. The super-moiré potential

is hexagonal and its primitive lattice vectors are given by

�
L1

L2

�
¼
�

α β

−β αþ β

� 
LT
1

LT
2

!
; ð2Þ

where α and β are the super-moiré lattice integers. The two
rotation angles θT=B and the super-moiré lattice integers for
the top and bottom moiré potentials are determined by
satisfying the following relation:

�
α β

−β αþ β

��
LT
1

LT
2

�
¼
�

γ δ

−δ γ þ δ

� 
LB
1

LB
2

!
: ð3Þ

For concreteness, we align the bottom h-BN stack with
the graphene active subsystem θB ¼ 0 and fix the top h-BN
stack twist angle to be θT ≈ 0.6°. These are the smallest
angles that generate a super-moiré potential (we discuss
other examples at the end). This configuration corresponds
to setting ðα ¼ 0; β ¼ 2; γ ¼ 1; δ ¼ 1Þ in the equation
above and completely specifies our model for the super-
moiré periodic structure. To solve our Hamiltonian (1), we
expand in the plane wave basis of the graphene subsystem
and top and bottom h-BN stacks and then couple them with
the B and T matrices given by

fTðrÞ; BðrÞg ¼ w
X3
j¼0

tj
n
e−iq

top
j :r; e−iq

bottom
j :r

o
;

tj ¼ σ0 þ cos

�
2π

3
j

�
σx þ sin

�
2π

3
j

�
σy; ð4Þ

where w ¼ 150 meV is the strength of the moiré potential
energy and qT=Bj are the moiré tunnelling vectors associated

with LT=B
i .

Results.—Figure 1 shows our main result. The left and
right panels show two different configurations and their
corresponding band structures. The left panel shows a
double-aligned-moiré potential (studied, for example, in
Refs. [26,33]). We find the band structure for this case does
not feature flat bands (in agreement with previous studies).
For the super-moiré lattice configuration considered here,
the electronic structure shows qualitative differences. In
particular, as shown in Fig. 1(d), we find a flat topological
band with Chern number 1.
To further understand how this flat band emerges and

examine its robustness, we apply the formalism of
Ref. [29], which is a general symmetry-based approach
to model the effects of h-BN on graphene electronic states.
For example, using this approach, these authors were able
to demonstrate that, by parametrically tuning the coupling
parameters, graphene with a single-moiré potential sup-
ported mini-Dirac points at different points in the mini-
Brillouin zone. Applying this approach to the super-moiré
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potential, we can rewrite our Hamiltonian as

HðkÞ ¼
X
G

ϵðkþGÞc†kþGckþG

þ
X
G;g1

½Mðkþ G; kþGþ g1Þc†kþGckþGþg1 þ H:c:�

þ
X
G;g2

½Mðkþ G; kþGþ g2Þc†kþGckþGþg2 þ H:c:�;

ð5Þ
where the creation and annihilation operators for Dirac
spinors are written in the expansion basis for the specific k
point. Shown in the schematic in Fig. 2(a) are G the
complete set of super-moiré reciprocal lattice vectors (gray
dots), g1 (blue dots), and g2 (red dots), which are the first
stars of the reciprocal lattice vectors of the first and second
moiré potentials, respectively. For a monolayer graphene
active layer, ϵðkÞ is the Dirac Hamiltonian. For the moiré
matrix elements Mðα; βÞ, we take the experimentally
relevant parameter set from the analysis in Ref. [29].
This approach allows us to develop a conceptual under-

standing of how the flat band emerges. Without any super-
moiré potential, we can still fold the bands into the mini-
Brillouin zone. The lattice geometry gives rise to band

touching at the points of high symmetry. We can then
introduce the moiré potential as either a single-moiré
potential [the second line in Eq. (5), represented by the
red dots in Fig. 2(a)] or a super-moiré lattice potential [both
the second and third lines in Eq. (5), represented by the gray
dots]. The coupling of these terms to the plane wave states
of graphene can open gaps at the high-symmetry points.
Since the Dirac bands (comprised of the first electron and
first hole band) acquire only a tiny gap at the Γ point [10],
we focus instead on the second hole band. It was previously
known (e.g., Refs. [9,29,31]) that, for the second hole band,
a single-moiré potential opens a gap at the Γ point, while
keeping the touching point at the K points (the so-called
“secondary Dirac points”).
Zooming in close to theM point, we find that taking only

the top moiré potential (blue dots) or just the bottom moiré
potential (red dots) preserves the band touching [see
Figs. 2(c) and 2(d)]. However, the super-moiré potential
(gray dots) opens a gap that (perturbatively) is proportional
to the product of the top and bottom moiré potentials. It is

FIG. 2. Understanding the emergence of topological flat bands
in monolayer graphene. (a) Schematic of the Brillouin zones and
reciprocal lattice points of the super-moiré potential from the k
point of interest represented by the black dot at the center. The
red, blue, and gray lines (dots) show the first-, second-, and super-
moiré Brillouin zones (shells), respectively. (b) Bandwidth of the
second hole band increases as a function of twist angle θT
keeping θB ¼ 0° fixed. (c) Band structure of the h-BN=G=h-BN
heterostructure including only the top moiré potential, i.e.,
coupling only to the blue dots in (a). (d) Band structure of the
h-BN=G=h-BN heterostructure including only the bottom moiré
potential (red dots). (e) Band structure of the h-BN=G=h-BNwith
the super-moiré potential (gray dots). Similar to our results in
Fig. 1, the symmetry-based approach also results in an isolated
and flat second hole band. Not shown: If we use only a single
moiré potential with the parameters in Ref. [29], we reproduce
their results, finding one mini-Dirac point in the valance band and
three mini-Dirac points in the conduction band.

FIG. 1. Topological flat band in monolayer graphene with a
super-moiré lattice potential. (a) Schematic of a double-aligned-
moiré potential where the top and bottom layers have the same
twist angle (θ ¼ 0.6°). (b) The corresponding band structure does
not have flat bands. (c) Schematic of a super-moiré lattice
potential formed when monolayer graphene is encapsulated by
slightly misaligned h-BN substrates (θB ¼ 0° and θT ¼ 0.6°).
(d) The corresponding band structure has nonzero Chern numbers
for the first two hole bands with the second hole band having a
bandwidth ≲10 meV.
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this gap opening around the M point [see Fig. 2(e)] that
makes the second hole band susceptible to isolation, while
the longer real-space periodicity of the super-moiré poten-
tial acts to flatten this depinned band.
We, therefore, conclude that it is the coexistence of the

last two lines in Eq. (5) that are responsible for the flat
bands, making it an essential property of the super-moiré
potential not present in either the single-moiré or aligned
double-moiré potentials. This also explains the robustness
of the observed phenomena with different models and
parameter choices and suggests that it would also apply to
other active layers beyond monolayer graphene (see
below). While the opening of the gap at the M point can
be understood from symmetry considerations, the flatness
of the band depends quantitatively on the choice of
parameters. For example, in Fig. 2(b), we show that for
realistic parameters the bandwidth is increased for larger
commensurate configurations. We have checked that, as
expected by symmetry, the super-moiré lattice formed by
the pair of twist angles (θB ¼ 0° and θT ≈ 1.2°) opens gaps
at the high-symmetry points. However, since the super-
moiré potential is weaker, so are the avoided crossings, and
we find that the bandwidth is about twice as large. We
speculate that such a weak moiré potential with the right
symmetry but insufficiently strong to generate an isolated
flat band could explain the role of lattice relaxation seen in
large-scale tight-binding numerical simulations [38].
Hartree-Fock corrections.—As discussed earlier, the

modification to the band structure is due to the interference
of moiré potentials, a purely single-particle effect.
However, electrons in condensed matter systems interact
with each other through the Coulomb potential, and this
interaction becomes significant in flat-band systems. We
study here the robustness of the flat band to Hartree-Fock
shifts of the band structure. In what follows, we follow the
formalism in Ref. [39], and we refer the reader there for
technical details. Figure 3(a) shows the band structure of a
monolayer with a super-moiré both with (red line) and
without (dashed black line) the self-consistent Hartree
potential. In sharp contrast to twisted bilayer graphene
[39], the shape of the flat band is preserved after Hartree
renormalization. In fact, the bandwidth is slightly dimin-
ished compared to the case without interactions. Since the
second hole band remains flat and well separated from the
rest of the bands, we expect that it will likely manifest
experimental signatures of strongly correlated physics. The
results presented in Fig. 3(a) illustrate the Hartree effect
when filling the first hole band. We have verified that the
robustness and isolation of the flat band persist even when
the second hole band is filled, whether partially or
completely. The observed changes remain minimal, with
variations of less than 3 meV (refer to Supplemental
Material [36]).
To further investigate the effect of the Hartree and Fock

terms, we have calculated the density of states in three

different scenarios. The results, which are illustrated in
Fig. 3(b), show the density of states without interactions
(black trace), with only the Hartree potential (red trace),
and with both the Hartree and Fock potentials (blue trace).
The blue and red traces are almost identical implying that
the effect of the Fock potential is negligible in this system
consistent with results on twisted bilayer graphene [39]. We
also show how the electron-electron interaction redistrib-
utes the charge density in real space by plotting the
modulus of the wave function of the Γ point both with
and without the Hartree potential. We neglected spin and
valley symmetry breaking in our implementation of the
Hartree-Fock calculations. Studies that focus on such
symmetry breaking (see, e.g., Ref. [40]), typically reveal
very tiny (sub-meV) differences between the ground states.
Moreover, these calculations are highly sensitive to atomic
relaxation, external strain, and the details on the imple-
mentation of the Hartree calculation. In our view, this
extreme sensitivity raises concerns about the reliability of
the conclusions one can draw from such calculations.

FIG. 3. Effect of Hartree-Fock potentials on electronic spec-
trum of super-moiré h-BN=G=h-BN heterostructure. (a) Non-
interacting band structure without Hartree and Fock corrections
(dashed black line) and band structure for the self-consistent
Hartree charge distribution correction due to filling the first hole
band (solid red line). (b) Density of states without Hartree-Fock
corrections (black line), with only Hartree corrections (red line),
and with both Hartree and Fock corrections (blue line). The
addition of Fock potential does not alter the energy spectrum of
the system. (c),(d) Charge distribution of the Γ point wave
function without and with the effect of Hartree potential,
respectively.
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Generalization to bilayer and trilayer.—Having discov-
ered that a super-moiré potential significantly alters the
electronic properties of monolayer graphene in unexpected
ways, we test whether a super-moiré has similar effects on
other graphene-based systems. We study the effect of
super-moiré potentials on two other commonly used
graphene systems: AB bilayer and ABC trilayer (Fig. 4).
Remarkably, we find that the super-moiré potentials lead to
the formation of topological flat bands in both bilayer
graphene (where both the lowest-energy electron and hole
bands have Chern numbers of�1) and in trilayer graphene.
The trilayer case is even more interesting, since it supports
larger Chern numbers. Flat bands with high Chern numbers
are believed to support high-temperature superconductivity
[41]. For bilayers and trilayers, the bands can be modified
with an experimentally tunable displacement fields, and we
show that with this additional degree of freedom, one can
achieve very flat topological bands well separated from
other bands.

Conclusion.—Our findings suggest that precise control
of the alignment of the top and bottom h-BN substrates can
result in a new platform for correlated physics. In this
context, we note that recent advancements in controlling
h-BN encapsulation of graphene with substantial yield [27]
opens up this possibility. We, therefore, anticipate exper-
imental results along these lines in the near future. We have
demonstrated here that the interference of the two moiré
potentials opens a gap in the mini Dirac points resulting in
flat topological bands in untwisted 2D materials encapsu-
lated by bulk misaligned substrates. We speculate that
applying these ideas to twisted materials like twisted
bilayer graphene, twisted double-bilayer, or twisted mono-
layer-bilayer graphene could result in further flattening of
already flat bands or “superflat” bands. We leave these
speculations for a future study.
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an external displacement field, where the flat bands have Chern
numbers greater than 1, which is different from the case of
monolayer and bilayer. (c),(d) Energy bands of the AB bilayer
and ABC trilayer graphene subjected to both super-moiré
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