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Abstract
The experimental observations of many interaction-driven electronic phases in moiré superlat-
tices have stimulated intense theoretical and experimental efforts to understand and engineer these
correlated physics. Strain is a powerful tool for manipulating and controlling the geometrical and
electronic structures of moiré superlattices. This review provides a comprehensive introduction
to the geometry of strained moiré superlattices. First, starting from the linear elasticity theory, we
briefly introduce the general formalism of small deformations in two-dimensional materials, and
discuss the particular cases of uniaxial, shear and biaxial strain. Then, we apply the theory to twis-
ted and strained moiré materials, mainly focusing on the hexagonal homobilayers, hexagonal het-
erobilayers and monoclinic lattices. Special moiré geometries, like the quasi-unidimensional pat-
terns, square patterns and hexagonal, are theoretically predicted by manipulating the strain and
twist. Finally, we review recently developed strain techniques and the special moiré geometries
realized via these approaches. This review aims at equipping the reader with a robust understand-
ing on the description and implementation of strain in moiré materials, as well as highlight some
major breakthroughs in this active field.

1. Introduction

A lattice misalignment in stacked two-dimensional (2D) materials leads to moiré superlattices with tun-
able periodicity [1, 2]. For example, bilayer graphene with a twist angle θ ∼ 1.1◦ generates a moiré pat-
tern with a period of ∼14 nm, which is termed as magic angle twisted bilayer graphene (TBG) [3]. Such
moiré pattern can cause the appearance of flat bands near zero Fermi energy in the electronic band
structure [4, 5], which are found to host an amount of topological and interaction-driven many-body
states, for example, correlated insulating states [6, 7], superconductivity [8–10], ferroelectricity [11],
ferromagnetism [12], integer and fractional quantum anomalous Hall states [13–17], phase transitions
[18] and so on. Similar correlated phenomena have also been observed in other moiré heterostructures,
such as twisted trilayer graphene [19, 20], twisted multilayer graphene [21], and twisted bilayer WSe2
[9, 10, 22].

These rich correlated phenomena typically emerge at moiré scales much larger than the underlying
atomic lengths, whereby the moiré acts as a magnifying glass of the underlying geometrical and elec-
tronic properties [23]. This makes the moiré superlattices a flexible and tunable system, with plenty of
tuning knobs such as twist angle, strain, external field, and substrate. Among these, strain stands out as
a powerful tool to modify the geometrical and electronic properties of the stacked lattices [24–26]. In
contrast to twist-only configurations, which can only lead to the same moiré geometry of the underly-
ing lattices, strain-induced deformations can lead to a plethora of different moiré geometries [27, 28].
Crucially, due to the moiré magnifying effect, the superlattice pattern can be significantly modified even
if the layers are barely deformed [23, 28]. As a result, strains can strongly change the moiré size, the
superlattice symmetry, and by extension, the electronic properties of the system.
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While strain in moiré superlattices is well known to arise naturally during their fabrication [29],
recent experimental advancements have opened the possibility of actively induce and control external
strains in the system [30–32]. A precise control on both twist and strain greatly magnifies the tunability
of moiré superlattices, paving the way for potentially novel correlated phenomena. Since the electronic
properties of moiré systems depend largely on the electronic modulation due to the moiré potential, it
becomes imperative to understand precisely how the geometrical properties of moiré heterostructures
depend on the interplay between twist and strain. Among different types of strain, uniaxial heterostrain
is the most common type, and has been observed in many experimental samples [33–37]. Recently,
under some new well-developed techniques, shear heterostrain is achieved, resulting in deformed moiré
patterns [38, 39].

Although recent works have already provide a review of the strain effect and implementation in
moiré heterostructures [1, 40–42], there is yet no detailed review of the geometrical description. Namely,
on how does the geometry of the moiré patterns depend on the interplay between twist and strain, and
in particular, on the different types of strain configurations that can be engineered in experimental
setups. The goal of this review is to cover this gap by offering an overview of the recent advances on
the treatment and implementation of strain in moiré heterostructures. To make this work comprehens-
ive, we start by first revisiting the linear elasticity theory, adapted to common in-plane stress and strain
in 2D materials. Next, we apply the linear elasticity theory to the twisted and strained moiré systems,
and describe how many different moiré geometries can be archived by tuning both the twist and strain.
Finally, we discuss recent major breakthroughs in implementing strain in moiré heterostructures, and
show experimental examples of particular moiré geometries.

2. Linear elasticity in 2Dmaterials

In moiré heterostructures made up of 2D materials (one-atom thickness), the most relevant stress-
induced deformations are planar, i.e. in-plane displacements that act on the 2D plane of the material
[43]. However, there can also be out-of-plane displacements in the atomic positions (e.g. corrugations).
For instance, thermal ripples are well known to appear naturally in graphene at room temperatures [44,
45]. Moreover, out-of-plane corrugations emerge naturally when one stacks two or more 2D materials
with a lattice mismatch (induced, e.g. by twist or strain), as the system can reduce its energy by increas-
ing the distance at the energetically costly stacking regimes [46–49].

In this review, we will simplify the problem by considering only in-plane stresses. This is a safe
approximation as our focus is only to describe the geometrical properties of the emergent in-plane moiré
patterns. We label the 2D materials plane with the coordinates x and y. For self-consistence, and to set
up the ground for the following sections, in this section we briefly review the theory of linear elasticity
[50–52], adapted to in-plane stress and strain in 2D materials.

2.1. Displacement field, strain and stress
In elasticity theory, the relevant quantity that identifies a deformation of a material is the displacement
field u, defined as [50, 52]

u(r) = r ′ − r, (1)

where r ′ = (x ′,y ′) and r= (x,y) are the deformed and undeformed position of the material, respectively.
In general, the displacement vector could also depend on the time t, i.e. u(r, t). Here, we simplify the
problem and consider time-independent deformations, as is usually the case in 2D materials [53–56].
Using that dr ′ = dr+ du and du=∇udr (where ∇ is the gradient operator), the infinitesimal length
dℓ ′ = |dr ′| of the deformed material reads [50]

dℓ ′2 = dℓ2 + 2Edr · dr, (2)

where dℓ= |dr| is the infinitesimal length of the undeformed material and E is the strain tensor
defined as

E =
∇u+(∇u)T +∇u(∇u)T

2
. (3)

In index notation

ϵij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

+
∂ui
∂xj

∂uj
∂xi

)
, (4)

2
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Figure 1. Schematic effect of three common types of strain in moiré systems: uniaxial, shear and biaxial. The red dashed-line
shows the undeformed hexagon and the blue solid-line shows the deformation of each strain type (uniaxial and shear, both with
direction along the x-axis).

where ϵij ≡ (E)ij are the i, j = x,y (in-plane) components. The strain tensor is a measure of the change in
infinitesimal lengths due to deformations.

In most practical cases, the deformation of a material is relatively small [29, 36, 55]. Even in very
strong 2D materials like graphene—which can stand up to about 20% strain [57, 58]– most experi-
mental deformations are at most within the range of 1% and 2% [29, 36, 59, 60]. We refer to these as
small deformations. In such case one can neglect the terms O (∇u)2 and take [50]

E ≈ ∇u+(∇u)T

2
⇒ ϵij =

1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
. (5)

This is, indeed, what is usually taken as the strain tensor.
The linear theory of elasticity follows the regime of small deformations by keeping all the relevant

quantities only up to leading order (linear) in the strain tensor [52]. An important quantity, besides the
strain tensor, is the so-called stress tensor T . It is defined so that the tension t (force per unit length in
two-dimensions), at a surface point with normal vector n, is given by the Cauchy’s theorem t= T n [52]
(for in-plane stress and strain, the normal vector n is either of the two in-plane directions, i.e. n= ex or
n= ey, or any combination of them). Within the linear theory of elasticity, the stress tensor T is related
to the strain tensor through a generalized Hook’s law [52]

T = CE , (6)

where C is the fourth-order elasticity tensor (also called stiffness or compliance tensor
[43]).Equation (6) gives the stress–strain relation that connects forces to deformations. In practice,
theelasticity tensor C is determined by constitutive equations.

For isotropic materials the relation T = CE becomes a linear isotropic function of the strain tensor;
its most general representation reads [51]

T = 2µE +λ(trE)I, (7)

where µ and λ are known as the Lamé coefficients, and I is the 2× 2 identity matrix. One can then
invert equation (7) and write the strain tensor in terms of the stress tensor as [52]

E =
1

2µ

[
T − λ

2(µ+λ)
tr(T )I

]
. (8)

Equations (7) and (8) constitute the fundamental mechanical relations of linear elasticity theory in 2D
materials.

2.2. Uniaxial, shear and biaxial strain
In what follows we will limit our discussion to homogeneous (position-independent) strain (for reviews
of non-homogeneous strain, see e.g. [24, 55]). The three experimentally-relevant types of stress in 2D
materials are uniaxial, shear, and biaxial, shown in figure 1.

2.2.1. Uniaxial strain
A uniaxial force, either tension or compression, acts along a fixed axis. Taking such axis as the x-axis, the
surface-tension is given by t= σuex, where σu is the force magnitude per unit length. By the Cauchy’s
relation, the stress tensor reads

T =

(
σu 0
0 0

)
. (9)

3
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The uniaxial strain then becomes (cf equation (8))

E =

(
ϵu 0
0 −νϵu

)
, (10)

where

ϵu =
σu
4µ

2µ+λ

µ+λ
, ν =

λ

2µ+λ
, (11)

are the longitudinal strain magnitude and Poisson’s ratio, respectively [50, 51]. A related quantity is the
Young’s modulus E, given by the ratio between the longitudinal strain and the stress

E=
σu
ϵu

= 4µ
µ+λ

2µ+λ
. (12)

Since 2E =∇u+(∇u)T (equation (5)), the displacement field for the uniaxial strain reads

u(r) = ϵu
(
xex − νyey

)
, (13)

so the Poisson’s ratio measures the contraction lateral to the direction of the applied stress [52]. The
magnitude of such contraction is determined by the material-dependent value of the Poisson’s ratio (e.g.
ν ∼ 0.16 in graphene [43, 61]).

If the uniaxial stress acts along a direction ϕ with respect to the x-axis, then the uniaxial strain
becomes [43, 62]

E = R(ϕ)

(
ϵu 0
0 −νϵu

)
R(−ϕ)

= ϵu

[
cos2ϕ− ν sin2ϕ (1+ ν) sinϕcosϕ
(1+ ν) sinϕcosϕ sin2ϕ− ν cos2ϕ

]
, (14)

where R(ϕ) is the rotation matrix

R(ϕ) =

(
cosϕ − sinϕ
sinϕ cosϕ

)
. (15)

Equation (14) follows by first rotating the system by −ϕ to bring the stress along the x-axis, then strain
it according to equation (10), and finally rotate it back by ϕ.

2.2.2 Shear strain
Shear forces act perpendicularly to the normal of the surface. A shear tension perpendicular to the x-axis
is given by t= σsey, and implies a symmetric shear stress

T =

(
0 σs
σs 0

)
. (16)

Since tr(T ) = 0, the shear strain is traceless and proportional to T

E =

(
0 ϵs
ϵs 0

)
, (17)

where ϵs = σs/2µ is the shear strain magnitude. The Lamé coefficient µ is thus also called the shear mod-
ulus [50, 52]. The shear displacement vector reads u= 2ϵsxey. If the shear acts, in general, perpendicular
to a direction ϕ (relative to the x-axis), the shear strain reads [27, 28]

E = R(ϕ)

(
0 ϵs
ϵs 0

)
R(−ϕ)

= ϵs

(
− sin2ϕ cos2ϕ
cos2ϕ sin2ϕ

)
. (18)

Note that regardless of the direction, the shear strain is always traceless. This means that shear forces
deform the materials without changing their area.

4
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2.2.3. Biaxial strain
Biaxial forces are those that contract or expand a body uniformly, without changing its shape. It corres-
ponds to a tension t= σb

(
ex + ey

)
, which implies a spherical biaxial stress tensor T = σbI. The biaxial

strain is then also spherical

E =

(
ϵb 0
0 ϵb

)
, (19)

where

ϵb =
1

2

σb
µ+λ

(20)

is the biaxial strain magnitude. The ratio between the stress and the strain (Young’s modulus) is given
by σb/ϵb = 2(µ+λ). Note that the biaxial strain is independent of the direction because it contracts (or
expands) the material uniformly in each direction.

2.3. Deformation of bonds
In the absence of external body forces, a displacement field u with constant gradient ∇u is always a
static solution to the equation of motion [50–52]. A constant gradient ∇u corresponds to a homogen-
eous (position-independent) strain tensor (cf equation (5)), as considered in section 2.2. The displace-
ment field u can then be written in terms of the strain tensor as

u= Er. (21)

In index notation, ui = ϵijxj, where repeated indices are to be summed over. Indeed, taking the gradi-
ent of u= Er, and using the symmetry of the strain tensor, directly leads to equation (5). Here we have
fixed, without loss of generality, the boundary condition by taking the displacement equal to zero at the
origin (i.e. u= 0 when r= 0). At small deformations, the deformed bonds (or lengths) of a material
then become [43]

r ′ = (I+ E)r. (22)

This is the fundamental relation that determines the (small) deformation of any bond at undeformed
position r. In particular, for a 2D crystal with lattice vectors a1, a2, and basis vector δ, all atomic posi-
tions r= n1a1 + n2a2 + δ (with n1 and n2 integers) are transformed by the strain to r→ (I+ E)r.

3. Twisted and strained moiré geometries

2D materials stacked in a multilayer configuration, subject to relative twist and strain, create a lattice
mismatch between the layers and, consequently, a moiré pattern [27, 28, 62, 63]. Such structures are
thus referred as moiré heterostructures [2, 64]. In this review we will mostly focus on the simplest case of
two layers stacked in a bilayer configuration [3]. To simplify the discussion, we start by considering the
simplest (but most common) case of two equal hexagonal lattices. Generalizations to different layers are
discussed in subsequent sections.

3.1. Hexagonal homobilayers
We describe the honeycomb lattices by a set of lattice vectors [65]

a1 = a(1,0) , a2 = a
(
1/2,

√
3/2

)
, (23)

and a basis of two atoms at positions d1 = (0,0) and d2 = (0,d). Here a is the lattice constant (e.g.
a≈ 2.46 Å in monolayer graphene) and d= a/

√
3 is the interatomic spacing. The atomic basis defines

the two sublattices A and B of the honeycomb structure. The three nearest neighbors of an atom in the
sublattice A are

δ1 = d(0,1) , δ2 = δ1 − a2, δ3 = δ1 + a1 − a2. (24)

The reciprocal lattice vectors bi, which satisfy ai · bj = 2πδij, read

b1 = b
(√

3/2,−1/2
)
, b2 = b(0,1) , (25)

5
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where b= 4π/
√
3a.

To describe the geometry of the twisted and strained honeycomb layers, it is convenient to consider
the effect of twist and strain separately. Specifically, we consider the effect of first twisting and then
straining [27, 28, 62, 66]. A twist by an angle θ simply rotates the atomic bonds as r→ R(θ)r. A fur-
ther strain on the rotated system will then, according to equation (22), transform the atomic positions as
r ′ = (I+ E)R(θ)r.

The moiré pattern emerges when the two layers are twisted and strained differently. This configura-
tion with strain is known as heterostrain. The hexagonal lattice vectors ai (i = 1,2) in each layer trans-
form as

ai,± = (I+ E±)R(θ±)ai, (26)

where + and − refer to the top and bottom layers, respectively. Within the small deformation limit one
often keeps only the linear terms in the twist and strain, so that [62]

(I+ E)R(θ)≈ I+
(

ϵxx ϵxy − θ
ϵxy + θ ϵyy

)
= I+R(θ)+ E , (27)

where the symmetric part E gives the strain effect and the antisymmetric part R(θ) gives the twist
effect. In general, the three components of the strain tensor can be decomposed as a mixture of biaxial
and shear strains [27, 67]

E = ϵbI+ ϵsS(ϕ) , (28)

where

ϵb =
ϵxx + ϵyy

2
, ϵs =

√(
ϵxx − ϵyy

2

)2

+ ϵ2xy, (29)

are the biaxial and shear strain magnitudes, respectively. The shear matrix S(ϕ) is defined as

S(ϕ) =

(
sinϕ cosϕ
cosϕ − sinϕ

)
, (30)

where cosϕ = ϵxy/ϵs. In this parameterization the uniaxial strain becomes a mixture of biaxial and shear
strain [27] (more details in section 3.1.4).

A symmetric bilayer configuration is to twist and strain the two layers with the same magnitude but
in opposite direction [28, 62, 66], so that θ± =±θ/2 and E± =±E/2. But there are, of course, many
other possibilities. For instance, one layer could be only rotated while the other layer is only strained
[27]. For conciseness and simplicity, in this section we will consider the symmetric configuration. The
presented analysis is, however, general and does not depend on the particular twist and strain in each
layer.

In general, for arbitrary twist and strain, the moiré pattern is not commensurate [28, 62].
Commensuration only occurs at particular twist and strain for which one can find a superlattice vec-
tor common to both layers [63, 68–70]. Here we shall not pursue the problem of finding commensur-
ate solutions, and consider arbitrary twist and strain regardless of whether they correspond to a com-
mensurate or incommensurate moiré. As we will see, the geometrical properties of the moiré pattern
can be well defined and studied even if the system is technically incommensurate [71]. In fact, in the
relevant regime of moiré scales much larger than the atomic lengths, the electronic properties become
insensitive to the commensurability of the system [5]. Effective continuum models, widely employed to
study the electronic properties of large moiré heterostructures, can be well defined even if the system is
incommensurate [62, 71]. The commensuration is, however, fundamental when one needs to compute
the band structure by more realistic methods, such as atomistic tight-binding [70, 72, 73] or density
functional theory simulations [74, 75].

The geometrical properties of the moiré pattern are more easily described by working in recip-
rocal space [28, 62]. The twisted and strained reciprocal lattice vectors bi,± in each layer follow from
equation (26) and the condition ai,± · bj,± = 2πδij, which implies

bi,± = (I+ E±)−1R(θ±)bi ≈ (I−E±)R(θ±)bi. (31)

6
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Figure 2. Strain-dependent construction of moiré vectors. The left panels shows the deformed reciprocal vectors bi,± in two
honeycomb lattices subject to a twist θ = 5◦ and uniaxial strain with magnitude ϵ= 5% and direction ϕ = 60◦. Taking the
difference between the deformed reciprocal vectors does not yield, in this case, the smallest moiré vectors Gi. A smaller moiré
vector G ′

2 = G1 +G2 is obtained by taking the difference between the deformed reciprocal vectors b ′
2,± = b1,± + b2,±. The

right panel shows the superlattice spanned by the moiré vectors. Reproduced from [28]. CC BY 4.0.

The last approximation holds within the small deformation regime [62]. The moiré vectors of the moiré
pattern can be formally defined as the set of vectors GM that satisfy

eiGM·RM = 1, (32)

where RM are the minimal union of the lattice vectors R± = n1a1,± + n2a2,± in each layer (with n1 and
n2 integers). In a commensurate structure RM reduce to the superlattice vectors at which RM = R± [68],
but in an incommensurate structure RM is generally given by the lattice points at which the difference
between R+ and R− is minimum, which always occurs around the AA stacking regimes [63]. The prim-
itive moiré vectors Gi (i = 1,2) are the two smallest vectors GM from which all others can be obtained by
translation. In the case of only a twist, the primitive moiré vectors are given by the difference between
the reciprocal lattice vectors [48, 63, 71]

Gi = bi,− − bi,+. (33)

However, this is not necessarily the case in the presence of strain. Indeed, the deformation of each lattice
may be such that other combination between bi,+ and bi,− may yield a smaller moiré vector [28] (see
figure 2). Accounting for these different constructions of the moiré vectors is essential to elucidate the
wide range of moiré patterns that can be formed by strain. The analysis can be simplified by noting that
the different geometrical constructions of the primitive moiré vectors must be related by the hexagonal
symmetry of the underlying lattices. This means that it is sufficient to study, as usually done, only the
geometrical properties of the moiré vectors given by equation (33), keeping in mind that all other con-
structions are related by 60◦ translations of the strain parameters [28].

For stacking configurations made of two homobilayers, the moiré vectors given by equation (33) are
determined by a unique transformation T acting on the reciprocal vectors [66], Gi = Tbi, where (for the
symmetrical configuration)

T= (I+ E/2)R(−θ/2)− (I−E/2)R(θ/2) . (34)

From the moiré vectors one can describe the geometrical properties of the moiré pattern by two para-
meters: their relative angle β and their relative length [27, 28]. For moiré patterns arising from only a
relative rotation of the honeycomb lattices (i.e. with no strain), β = 120◦ is always the same as the angle
between the reciprocal vectors bi. This changes in the presence of strain due to the lattice deformation.
The angle β can be obtained through the relation G1 ·G2 = |G1| |G2|cosβ. Using that Gi = Tbi and the
property [52] Tb1 ·Tb2 =

(
TTT

)
b1 · b2, where TT is the transpose of T, it follows that β is uniquely

determined by the symmetric transformation F= TTT acting on the reciprocal vectors [28]

cosβ =
Fb1 · b2√

(Fb1 · b1)(Fb2 · b2)
. (35)

Here,
√
Fbi · bi = |Gi| gives the length of the moiré vectors, while Fb1 · b2 = G1 ·G2 gives their projection.

It is instructive to separate F= F0 + Fϵ, where F0 is the contribution due to pure rotations, and Fϵ is the
contribution due to the combination of rotation and strain

F0 = 4sin2
θ

2
I, (36)

7
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Fϵ = sinθ

(
−2ϵxy ϵxx − ϵyy
ϵxx − ϵyy 2ϵxy

)
+ E2 cos2

θ

2
. (37)

The transformation by F0 is a spherical tensor (i.e. a tensor proportional to the identity matrix I), so
rotations alone do not change the angle of the moiré vectors. However, in the presence of strain the
non-zero transformation Fϵ can modify the angle β in equation (35), and thus the geometry of the
moiré patterns. Note that the expression of Fϵ depends on the interplay between twist and strain; in par-
ticular, Fϵ is not a spherical tensor only for strain configurations that deform the lattices unit cell (in
other words, for non-spherical strain tensors E). The last term in Fϵ describes the possibility of obtain-
ing moiré patterns purely by strain [76].

Significant modifications of the moiré vectors by the strain can be archived even at very small strain
magnitudes, which may only barely distort the underlying lattices [27, 28]. This is because the observed
moiré generally acts as a magnifying glass that enhances any small lattice mismatch between the layers
[23]. One can see this in a simple example of both twist and uniaxial heterostrain with magnitude ϵu
along the x direction. In such case the angle between the moiré vectors, to leading order in θ and ϵu, is
given by [28]

cosβ ≈−1

2
+

3
√
3

8
(ν+ 1)

ϵu
θ
. (38)

The dependence ∼ ϵu/θ reflects that the smaller the twist angle, the smaller the strain magnitude needed
to modify the moiré geometry. As a result, for low twist angles and experimentally relevant values ϵ≲
10%, one can in principle vary the angle β to any value between 0 and 180◦. By comparison, such strain
range only modifies the angle between the lattice vectors of the honeycomb lattices by, at most, a few
degrees [24]. Superlattice configurations thus offer a rich and accessible experimental platform in which
one can vary, or effectively design, practically any desired moiré geometry. Next, we describe the possible
moiré geometries under the three types of strain introduced in section 2.2.

3.1.1. Uniaxial strain
For uniaxial strain, the transformation F= TTT reads (cf equation (34))

F= 4sin2
θ

2
I+ ϵu (1+ ν) sin(θ)R(2ϕ)σx +

ϵ2u
2
cos2

θ

2

[(
1+ ν2

)
I+

(
1− ν2

)
R(2ϕ)σz

]
, (39)

where σi are the Pauli matrices. The non-spherical terms in F (those that can change the moiré geo-
metry) depend non-trivially on the interplay between twist and strain. Such interplay is strongly influ-
enced by the Poisson’s ratio ν of the layers. Some general features can still be readily deduced from
equation (39). For instance, equation (39) gives F∝ sin2 (θ/2) if we write ϵu = ϵ ′ tan(θ/2). Then one
can easily see that equation (35) is independent of the twist angle θ, which means that for a fixed β, the
strain magnitude always scale on the twist angle as ϵu ∼ tan(θ/2). This again reflects, and noted before,
that the lower the twist angle the less strain is needed to modify the geometry of the moiré superlattices.

The transformation given by equation (39) generally yields non-equal length moiré vectors with a
strain-dependent angle between them. The analysis can be simplify for some special strain configur-
ations. One relevant scenario is with no twist, i.e. when the layers are only subject to uniaxial hetero-
strain. In that case, the transformation F reduces to

F=
ϵ2u
2

[(
1+ ν2

)
I+

(
1− ν2

)
R(2ϕ)σz

]
. (40)

While the first term ∝
(
1+ ν2

)
I is a spherical transformation (so it does not change the moiré geo-

metry), the second term ∝
(
1− ν2

)
R(2ϕ)σz does change moiré geometry according to equation (35).

Consequently, the resulting moiré pattern is not hexagonal.
Another relevant strain configuration is that which results in equal length moiré vectors. This situ-

ation simplifies the analytical analysis, and in particular allows one to obtain what strain parameters
result in a particular moiré geometry. In terms of the transformation F, the equal length moiré vector
condition G1 ·G1 = G2 ·G2 can be stated as

F(b1 − b2) · (b1 + b2) = 0. (41)

Here we have used that Fb1 · b2 = Fb2 · b1, since F is a symmetric tensor [52]. Using equation (39) and
solving equation (41) for the non-zero strain case gives [28]

ϵeq =
4

1− ν
cot

(π
3
− 2ϕ

)
tan

θ

2
. (42)

8
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Note that ϵeq is not symmetric under the transformation ϕ→ ϕ+π/3 because, and discussed before,
the particular moiré vectors given by equation (33) do not take into account all the symmetrical solu-
tions obtained by appropriately changing the moiré vectors construction [28]. The hexagonal symmetry
is restored by taking different set of strained reciprocal vectors. For most proposes, it is sufficient to
consider ϵeq above, and then generalize the results by taking all the missing solutions given by transla-
tions ϕ→ ϕ±π/3. Keeping that in mind, by solving the angle equation (35) one can find that the strain
parameters that yield an angle β between the moiré vectors read [28]

ϵs,r =
4s

1− ν

fr√
1− f2r

tan
θ

2
, (43)

ϕs,r =− s

2
arccos fr +

π

3

(
n+

1

2

)
, (44)

where

fr (ν,β) =

(
1− ν

1+ ν

)
2+ cosβ+ r

√
3 |sinβ|

1+ 2cosβ
. (45)

The length of the moiré vectors is given by:

|Gi|2

|bi|2
=

(1+ ν)
2 f2r −

(
1− ν2

)
fr +(1− ν)

2

(1− f2r )(1− ν)
2 4sin2

θ

2
. (46)

Here s, r=±1, and n is an integer. The r= 1 roots correspond to the moiré patterns formed through
the lateral contraction of the honeycomb lattices, as measured by the Possion’s ratio, and thus corres-
pond to larger strain magnitudes. While the r=−1 roots are solutions for any angle β, the roots r= 1
are only solutions for certain β. It is interesting to note that the strain angle ϕ does not depend on the
twist angle θ. This independence of ϕ on θ, when ϵ= ϵeq, is a direct consequence of our initial assump-
tion that the stress forces act equally but with opposite magnitude in each layer. The twist angle then
only influences the needed strain magnitude for an angle β, as well as the resulting length of the moiré
vectors.

Some moiré patterns obtained from uniaxial strain can be seen in figure 3. Due to the magnifying
effect of the moiré, small changes in the strain parameters can lead to significant changes in the result-
ing superlattice geometry. Consequently, it becomes imperative to have a precise control of the strain
parameters in order to design particular moiré geometries [31] (see section 4). Conversely, such strong
dependence on the strain parameters indirectly explains the plethora of different moiré geometries seen
in experiments [77–79], particularly in those where strain effects unavoidable arise during the superlat-
tice assemble [29].

The observed shape of the strain moiré patters in figure 3 reveals several noteworthy features. For
instance, we see that the modification of the moiré geometry by the strain leads to significant changes
in the corresponding Wigner–Seitz cell. By construction, such cell reflects the new symmetries of the
AA stacking regimes. The change in the moiré periodicity is accompanied by a stretch of the AA stack-
ing within the primitive cell, which gives a direct reflection of the strain magnitude (i.e. the larger the
stretch, the larger the strain). A complete description of the strained moiré patterns must thus take into
account both the geometry of the moiré vectors, and the shape of the stretched AA regions. The latter
naturally accounts, in a picture manner, the atomic basis of both layers within the supercell.

3.1.2. Shear strain
For shear strain the transformation F reads

F=

(
4sin2

θ

2
+ ϵ2s cos

2 θ

2

)
I− 2ϵs sin(θ)R(2φ)σz. (47)

The last term, which depends on the interplay between twist and strain, is not a spherical tensor so it
changes the moiré geometry. In other words, the moiré patterns with both twist and shear strain are not
hexagonal [27, 28]. The possible strained configurations are similar to those described in the previous
section for uniaxial heterostrain (this analogy becomes exact with a combination of shear and biaxial
strain, see section 3.1.4).

9
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Figure 3. Examples of moiré patterns in two equal hexagonal layers with relative twist θ = 2◦ and uniaxial heterostrain. All cases
shown correspond to equal length moiré vectors (section 3.1.1). Panel (a) shows three moiré pattern corresponding to (from left
to right): ϵ= 0 (no strain), ϵ≈ 1.64%, ϕ≈−9.4◦, ϵ≈ 4.44%, ϕ≈−0.9◦ and ϵ≈−2.28%, ϕ≈−22.7◦. The relative angles
between the real space moiré vectors are, respectively, βR = 60◦,90◦,140◦,30◦. In each case the Wigner–Seitz cell of the super-
lattice is shown in white. The small inset below each panel show the strain magnitude (in a scale of 5%) and the strain direction
relative to the x axis. Panel (b) shows the evolution of the Wigner–Seitz cell and the repeatedmoiré pattern within it, for moiré
vector angles (from left to right) βR = 40◦,60◦,80◦,90◦,100◦,120◦,140◦. For each case, the bar underneath indicates the strain
magnitude (thick line) in a scale of 5% (thin line). Reproduced from [28]. CC BY 4.0.

3.1.3. Biaxial strain
For biaxial strain the transformation F reads

F=

(
4sin2

θ

2
+ ϵ2b cos

2 θ

2

)
I. (48)

As this is, as expected, a spherical tensor, a biaxial strain does not change the moiré geometry. Its effect
is to only modify the orientation and length of the moiré vectors. However, both changes are important
and can actually significantly influence the geometric and electronic properties of the system [28].

The prevalence of a hexagonal moiré pattern in the presence of biaxial strain implies that there are
combinations of ϵb and θ that result in the same moiré periodicity as with only a twist angle θeq. Indeed,
by comparing equation (48) with the non-strain case F= 4sin2

(
θeq/2

)
I (cf equation (36)), one readily

finds that this occurs when

sin2 (θ/2) =
sin2

(
θeq/2

)
− ϵ2b/4

1− ϵ2b/4
. (49)

The moiré periodicity for a given twist angle θ decreases as the strain increases. The above condition
does not, however, guarantee that both moiré patterns (with and without strain) would be aligned
because their orientation may differ. This can be important in superlattice configurations made up of
three (or more) layers with a lattice mismatch, and where only two layers are relatively rotated. In gen-
eral, the angle α of the moiré pattern orientation, with respect to the non-strain case, reads [28]

cosα=
1√

1+ ϵ2b cot
2 (θ/2)/4

. (50)

The change of orientation depends on the interplay between twist and the biaxial strain: it only occurs
in the presence of both.

A relevant example of the importance of matching the periodicity and orientation condition occurs
in heterostructures of TBG/hBN, in which hBN acts as a substrate of TBG [80–82]. This situation
can be described by considering three equal graphene monolayers, but with a biaxial strain of mag-
nitude ϵb ∼ 1− ag/ah = 0.016 in the bottom layer [83], in order to account for the lattice mismatch
between graphene (ag = 2.46Å) and hBN (ah = 2.50Å). Since the moiré pattern remains hexagonal
with twist and biaxial strain, the orientation match between the graphene/hBN moiré and the TBG
moiré occurs when the angle α in equation (50) is 60◦ (or integers values of it), so that cosα=
±1/2. Combining this with the equal periodicity condition of equation (49), one finds the moiré
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alignment conditions [28, 73, 83, 84]

θB ≈
ϵb√
3
∼ 0.53◦, (51)

θT ≈
√
θ2B + ϵ2b ∼ 1.06◦, (52)

where θB is the twist angle between hBN and the graphene layer on top, and θT is twist angle between
the graphene monolayers.

3.1.4. Shear and biaxial strain
In the presence of both shear and biaxial strains, the lattices change both their shape and size. The cor-
responding strain tensor is given by

E =

(
ϵb − ϵs sin2φ ϵs cos2φ
ϵs cos2φ ϵb + ϵs sin2φ

)
. (53)

As noted above, any strain tensor can be generally decomposed as a mixture of biaxial and shear strains,
cf equation (27). The corresponding transformation F is given by

F=
[
4sin2 (θ/2)+

(
ϵ2s + ϵ2b

)
cos(θ/2)

]
I − 2ϵsR(2φ)

[
sin(θ)σz − ϵb cos

2 (θ/2)σx
]
. (54)

The last, shear-dependent term is non-spherical and thus modifies the moiré geometry. Note that F
above is given by the sum of the corresponding transformations for shear and biaxial strain, given by
equations (47) and (48), plus a non-spherical term ∼ ϵsϵbR(2φ)cos2 (θ/2)σx that depends on the inter-
play between the twist angle and both types of strain. Thus the change in the geometry of the moiré
vectors is not given, in general, by just its change due to the effect of biaxial and shear strain separately.

The possible geometries of the strained moiré pattern, as given by the transformation (54), are ana-
logous to those that result from uniaxial heterostrain. One can actually state this analogy precisely by
noting that both cases are equivalent by the correspondence [28]

ϵ→ ϵs + ϵb,

ν→ ϵs − ϵb
ϵs + ϵb

, (53)

ϕ → φ+π/4. (55)

This allows one to readily obtain the geometrical properties of the strained moiré patterns due to shear
and biaxial strain from those previously analyzed for uniaxial heterostrain (section 3.1.1). In particu-
lar, one can directly replace the above correspondence in equations (43) and (44) and obtain the needed
combination of shear and biaxial strain in order to obtain equal-length moiré vectors with an angle β
between them. It should be noted that this analogy between different kinds of strain is exact, it does not
just alludes to an equivalence of periodicity or orientation. Indeed, the above correspondence leads to
equivalent uniaxial and shear+biaxial strain tensors, so that each lattice is exactly strained in the same
way. Thus, one can think of uniaxial heterostrain as a particular combination of biaxial and shear strain
[27, 28]. As the Poisson’s ratio is generally fixed by the properties of the material, this analogy necessar-
ily fixes the ratio between shear and biaxial strain magnitude

ϵb
ϵs

→ 1− ν

1+ ν
. (56)

Conversely, a combination of shear and biaxial strain can be considered as uniaxial heterostrain with an
effective Poisson’s ratio that depends on ϵb/ϵs. In this sense, a combination of shear and biaxial strain
offers a wider range of strain configurations from which one can design different moiré patterns.

3.2. Hexagonal heterobilayers
The analysis of the previous section can be directly generalized to the case of two hexagonal layers with
different lattice constant. We refer to these as heterobilayers. Since then the non-deformed lattice vec-
tors in each lattice are different, one cannot determine the moiré vectors through a transformation T as
in equation (34). However, one can still define a generalized transformation Th by accounting the lat-
tice mismatch with a biaxial strain Eb = Iϵb [23, 27]. Since the moiré pattern only depends on relative
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Figure 4. Variation of the real space moiré vectors lengths A ′
1 =

∣∣GR
1

∣∣ and A ′
2 =

∣∣GR
2

∣∣, as a function of the twist angle and the
strain magnitude, for the cases of two homobilayer (WSe2 −WSe2) and heterobilayer (WSe2 −MoSe2) hexagonal lattices. The
configuration is such that the top layers is only twisted and the bottom layer is only strained. Panel (a) shows the moiré lengths
A ′
1 ,A

′
2 (equal) under biaxial strain magnitude ϵb; dotted ellipses indicate the regions of moiré lenghts A ′

1 ,A
′
2 = 10nm. Panel

(b) shows the moiré lengths A ′
1 (top) and A ′

2 (bottom) under uniaxial strain magnitude ϵu at fixed direction ϕ = 0◦. The spots
labeled as I, II and III indicate the unidimensional, square and hexagonal moiré geometries, respectively (cf section 3.4). The
points ν1 and ν2 in the heterobilayer case indicate the vertexes of the divergence curves (unidimensional patterns). Reproduced
from [27]. CC BY 4.0.

deformations, it is convenient to introduce a biaxial strain tensor ±Eb/2 so that the moiré vectors in
heterobilayers can be determined as Gi = Thbi, where

Th =
∑
ℓ=±

ℓ(I+ Eℓ)R(−ℓθ/2)(I+ ℓEb/2) . (57)

The analysis of section 3.1 can then be directly generalized to the heterobilayer case by simply replacing
T with Th.

Figure 4 shows the variation in the length of the real space moiré vectors A ′
1,A

′
2 =

∣∣GR
1

∣∣ , ∣∣GR
2

∣∣, as a
function of the twist angle and the strain magnitude (biaxial or uniaxial), for the cases of hexagonal
homobilayers and heterobilayers. The results correspond to WSe2 and MoSe2 −WSe2 homobilayers
and heterobilayers, with lattice constant aMoSe2 = 0.329nm and 0.4% smaller for aWSe2 , and Poisson’s
ratios νMoSe2 = 0.23, νWSe2 = 0.19. The results correspond to a particular non-symmetric configuration
in which the upper layer is only twisted while the lower layer is only strained.

In the biaxial strain case, the moiré length diverges when θ= 0 due to the absence of a moiré pattern
(infinite moiré length); for homobilayers this occurs when ϵc = 0, but for heterobilayers this occurs when
ϵc ∼ 0.4% due to the lattice mismatch. For the uniaxial strain case, the change in the moiré lengths is
radically different, as the moiré lengths now diverge along straight-lines curves in the twist-strain plane.
These divergences represent the formation of quasi one-dimensional (1D) channels that follow a lin-
ear relation between θ and ϵ (see section 3.4.1 and equation (69)). Furthermore, for uniaxial strain the
moiré lengths A ′

1 and A ′
2 are not, in general, equivalent. The main difference between the homobilayer

and the heterobilayer case, for uniaxial strain, is revealed by the no-crossing of the moiré length diver-
gences from negative to positive strain. The two vertexes ν1 and ν2 of the divergences are determined by
the lattice mismatch, becoming equal (ν1 = ν2) when the layers are the same (homobilayer case).

Figure 5 shows the angle βR between the moiré vectors and the area M=
∣∣GR

1 ×GR
2

∣∣ of the moiré
unit cell, as a function of twist and uniaxial or shear strain magnitudes, again for the homobilayer and
heterobilayer cases (same configuration as in figure 4). The angle variation βR represents the change in
the moiré geometry due to twist and uniaxial strain (section 3.1.1). In both strain cases the angle βR

can effectively vary from 0 to 180 ◦ even for relatively small strain magnitudes, specially at small twist
angles. The labels I, II and III identify, respectively, three special patterns: unidimensional (I, βR = 0◦

or βR = 180◦), square (II, βR = 90◦) and triangular (III, βR = 60◦), shown in the bottom panels (see
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Figure 5. Variation of the real-space angle βR between the moiré vectors (top) and the moiré areaM=
∣∣GR

1 ×GR
2

∣∣ (bottom),
as a function of the twist angle and the strain magnitude, for the cases of two homobilayer (WSe2 −WSe2) and heterobilayer
(WSe2 −MoSe2) hexagonal lattices (same configuration as in figure 4). Panel (a) shows the case of uniaxial strain with mag-
nitude ϵu at fixed direction ϕ = 0◦. Panel (b) shows the case of shear strain with magnitude ϵs at fixed direction ϕ = 0◦. In both
cases, the spots labeled as I, II and III indicate the unidimensional, square and hexagonal moiré geometries (see also section 3.4).
Reproduced from [27]. CC BY 4.0.

section 3.4 for more details). The formation of the unidimensional channels is reflected in the diver-
gence of the moiré lengths. As in figure 4, when comparing the homobilayer to the heterobilayer case,
the main difference is that the curves of particular moiré geometries (I, II and III) do not intercept. For
heterobilayers there is, in general, a twist and strain threshold to obtain certain moiré geometries, due to
the lattice mismatch.

3.3. Monoclinic lattices
Let us now present the generalized geometric description of moiré patterns arising for any two arbitrary
monoclinic lattices. We will mostly follow the formalism of [27]. The lattice vectors of the top and bot-
tom layers can be generally written as

ai,+ = ai (1+ δ)R(ψi + θ)

(
1
0

)
, (58)

ai,− = aiR(ψi)

(
1
0

)
, (59)

where ai are the lattice constants and θ is the usual twist angle between the layers. The angle ψi is
taken as

ψi =

{
θ0 i = 1

θ0 +α i = 2
, (60)

where θ0 is the overall rotation of the lattices with respect to the x-axis, and α is the angle between the
primitive vectors of each layer. The factor δ in equation (58) accounts for different lattice constant in
each layer.

Upon introducing strain into the system, the new lattice vectors a ′i,± transform as

a ′i,+ = (I+µE)ai,+, (61)

a ′i,− = (I+ E)ai,−. (62)

Here the parameter 0< µ < 1 accounts for different strain magnitudes in each layer. The hetero-
strain scenario corresponds to µ= 0 (only strain in one layer). The opposite case µ= 1 is referred as
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homostrain (equal strain in both layers). In general the value of µ can be set to match different experi-
mental setups.

The real space moiré vectors GR
i can be computed analytically, with the result [27]

GR
i =

ai (1+ δ)

∆
X(E)R(ψi)

(
1
0

)
, (63)

where

X(E) = (1+ δ) cµ [(1+ ϵb)I+ ϵsS(ϕ)] − c1 [(1+µϵb)R(θ)+µϵsS(ϕ+ θ)] ,

∆= cµ (1+ δ)
2
+ c1 − 2(1+ δ)

[
(1+ ϵb +µϵb)+µ

(
ϵ2b − ϵ2s

)]
cosθ,

c1 = (1+ ϵb)
2 − ϵ2s ,

cµ = (1+µϵb)
2 −µ2ϵ2s . (64)

Here the strain parameters ϵb, ϵs, the shear matrix S(ϕ) and the angle ϕ are given by equations (29)
and (30). The area of the moiré unit cell follows directly as

∣∣GR
1 ×GR

2

∣∣= a1a2

∣∣∣∣ sinα∆
∣∣∣∣(1+ δ)

2 c1cµ. (65)

The angle βR between the real-space moiré vectors GR
1 and GR

2 can be calculated as in equation (35).
Alternatively, one can compute the angle through the relation [27]

sinβR =
∣∣∣ĜR

1 × ĜR
2

∣∣∣ , (66)

where ĜR
i = G

R
i /

∣∣GR
i

∣∣. These formulas are general and hold for any kind of monoclinic lattices and strain
(within the limit of small deformations). The particular hexagonal cases follow by taking α= 60◦ with
δ= 0 (homobilayer, section 3.1) and δ ̸= 0 (heterobilayer, section 3.2). The initial assumption that only
the top layer is twisted can be relaxed by setting ψi → ψi + θ− in equation (59), where θ− is now twist
in the bottom layer. The particular symmetric twist configuration ±θ/2 follows by taking ψi → ψi ∓ θ/2
in equations (58) and (59), and in all subsequent expressions for the moiré vectors.

3.4. Special moiré patterns
The formalism presented in the previous sections implies that the interplay between twist and strain in
stacked 2D materials can lead to many different moiré geometries. Crucially, due to the magnifying effect
of the moiré, this plethora of moiré geometries can be archived even with very small strain magnitudes,
well within the experimental regime (see section 4 and table 1). Thus, with the right combination of
twist and strain it becomes possible to engineer any particular 2D moiré geometry.

In this section, we use the general formalism of sections 3.1–3.3 to obtain and describe three relevant
moiré geometries that can be realized with twist and strain: (1) 1D moiré patterns, (2) square moiré
patterns, and (3) hexagonal moiré patterns.

3.4.1. Quasi-unidimensional patterns
The significant deformation of the moiré geometry under strain can lead to a critical situation in which
the moiré vectors become collinear [23, 27, 28, 66]. This result in the formation of quasi-unidimensional
moiré channels that have been seen in numerous experiments (see section 4). In reciprocal space, as the
critical limit is approached the moiré Brillouin zone is squeezed, up until it collapses at a certain crit-
ical strain value. At such critical point, the moiré vectors become collinear, and thus are no longer inde-
pendent. This occurs when the transformation T, which determines the moiré vectors through gi = Tbi
(equation (34)), is such that [66]

T

(
b1 −

α1

α2
b2

)
= 0, (67)

where α1 and α2 are real number. Since the reciprocal lattice vectors bi are linearly independent, the
above equation is satisfied only if

detT= 0. (68)

This result is independent of the reciprocal vectors, and thus valid for any type of lattice.
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Figure 6. Formation of one-dimensional moiré patterns in twisted and strained bilayer graphene. Panels (a)–(c) correspond
to a relative twist θ = 3◦ and uniaxial strain with direction ϕ = 0◦ and magnitudes ϵ= 0 , ϵ= 0.5ϵc and ϵ= ϵc, respectively,
where ϵc is the critical strain magnitude given by equation (69). Reprinted (figure) with permission from [66], Copyright (2023)
by the American Physical Society. Last two panels correspond to: (d) A relative twist θ = 2◦ with biaxial strain ϵb = 0.5% and

shear strain ϵs =
√

θ2 + ϵ2b ∼ 3.5% (cf equation (70)); (e) only shear and biaxial strain with magnitudes ϵb = ϵs = 1.5% (cf

equation (72)). Reproduced from [28]. CC BY 4.0.

In the particular case of uniaxial heterostrain, the collapse condition detT= 0 gives a critical strain
magnitude [23, 66]

ϵc =± 2√
ν
tan

θ

2
, (69)

independent of the strain angle ϕ. At low twist angles the critical strain reduces to ϵc ∼±θ/
√
ν (for

graphene ϵc ∼±5θ/2). Thus the required critical strain magnitude is relatively small at low twist angles,
well within the experimental range. Equation (69) describes with impressive accuracy the formation of
unidimensional channels reported in numerous experiments [78, 85].

The critical condition can also take place under other types of strain configurations. For instance, by
the correspondence given by equation (55) one readily obtains that unidimensional channels can also
arise under shear and biaxial strain if [28]√

ϵ2s − ϵ2b =±2tan
θ

2
, (70)

independently of the shear angle φ. The above result also follows from the critical condition detF= 0
using equation (54) (since detF= detTTdetT). From it one can further deduce special but relevant cases,
such as the formation of 1D-channels solely by twist and shear strain, which occurs if

ϵs =±2tan
θ

2
. (71)

This critical shear strain is ∼
√
ν ≈ 0.4 times smaller than the one required for uniaxial heterostrain.

Equation (70) also predicts the possibility of unidimensional channels arising solely by strain (i.e. θ= 0),
which occurs when [28]

ϵs =±ϵb. (72)

This is a remarkable result: no matter the magnitude of the strains, as long as they are equal in mag-
nitude the result are collinear moiré vectors. The shear angle φ only modifies the orientation and length
of the collinear moiré vectors. Figure 6 shows three examples of 1D moiré patterns arising from: (i) twist
and uniaxial strain; (ii) twist and biaxial and shear strain; and (iii) only biaxial and shear strain.

The critical condition given by equation (69), or by equation (70), relies on the common assumption
that the strain forces act with equal magnitude but in opposite direction in each layer, i.e. E± =±E/2
(symmetric configuration). Relaxing this condition gives a wider range of strain configurations that can
lead to the formation of unidimensional channels. For instance, for homobilayers without a twist, the
transformation given by equation (34) generalizes to T= E− −E+. A combination of biaxial and shear
strain (with shear angle φ= 0), then satisfies the critical condition detT= 0 when

ϵs,+ − ϵs,− =±(ϵb,+ − ϵb,−) , (73)

where ϵs,± and ϵb,± are the shear and biaxial strain magnitude in each monolayer. The above can be
satisfied even if only one layer is strained. The generalization to arbitrary shear angles in each lattice fur-
ther increases the possible only-strain configurations that yield unidimensional channels.
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Insights into the moiré Brillouin zone collapse can be obtained by studying the behavior of the
moiré vectors as the critical strain limit is approached. In the particular case of 1D channels arising from
uniaxial heterostrain along the direction ϕ= 0, for a strain magnitude ϵ= xϵc with 0< x< 1, the real
space moiré vectors Li can be recasted as [66]

L1 =

√
3a

4sin(θ/2)

1

1− x2

(
−
√
3+ x

√
ν

−1+ x
√
3/ν

)
,

L2 =

√
3a

4sin(θ/2)

1

1− x2

( √
3+ x

√
ν

−1− x
√
3/ν

)
. (74)

The moiré vectors thus diverges as x→ 1. In the small twist regime, the area A0, length L and width W
of the moiré unit cell read

A0 = |L1 × L2|=
3
√
3a2

2θ2 |1− x2|
,

L=
|L1 + L2|

2
=

3a
√
1+ νx2

2θ (1− x2)
,

W=
|L1 × L2|
|L1 + L2|

=
3a

2θ
√
1+ νx2

. (75)

Although in the critical limit x→ 1 both A0 and L diverge as ∼ 1/ |1− x|, the width of the unit cell
remains finite.

So far we have considered homobilayer configurations. The generalization to a heterobilayer requires
replacing T by Th, cf equation (57). For the particular case of uniaxial heterostrain in two honeycomb
lattices with a lattice mismatch ∼ ϵb = δ, the critical condition detT= 0 yields, to lowest order in δ and
θ, a critical strain magnitude [23]

ϵc =
δ (1− ν)±

√
(1+ ν)

2
δ2 + 4νθ2

2ν
. (76)

At low twist angles this reduces to equation (69) in the homobilayer case (δ= 0). As before, this critical
strain is independent of the strain angle ϕ. The above critical strain becomes relevant in moiré hetero-
structures of, e.g. graphene on top of hBN [80–82], where δ ∼ 0.016 gives the lattice mismatch between
both layers [83]. This lattice mismatch actually allows equation (76) to be satisfied even without a twist,
which implies a minimum strain magnitude |ϵc| ∼ δ [23], see figure 4(a).

3.4.2 Square patterns
Another interesting case is the formation of square patterns. These have been predicted theoretically [27,
28] (see figures 3 and 5), and observed experimentally [85–87] (see section 4). In general there is a fam-
ily of twist and strain configurations that lead to square moiré patterns (see, e.g. label II in figure 5).
Geometrically, they can be identified by when the moiré vectors have equal length and are perpendicular.
Within the formalism of [28] (section 3.1), the square condition can be stated in term of the F matrix as
(cf equation (34))

(Fb1) · b1 = (Fb2) · b2,
(Fb1) · b2 = 0. (77)

Taking the reciprocal vectors given by equation (25), the above conditions determine the form of the
F matrix, from which one can then deduce all the twist and strain configurations that lead to square
patterns. For uniaxial strain in the symmetric configuration (θ± =±θ/2 and E± =±E/2), the strain
magnitude and direction of the square solutions are obtained from equations (43) and (44) with β =
90◦. Taking the r=−1 root, the needed strain parameters for a given twist angle θ read

ϵsq =
4

1− ν

tan(θ/2)√(
1−ν
1+ν

)2 (
7+ 4

√
3
)
− 1

,

ϕsq =
π

6
− 1

2
arccos

[
1− ν

1+ ν

(
2+

√
3
)]
. (78)
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At low twist angle tan(θ/2)∼ θ/2, so ϵsq ∝ θ, in agreement with figure 5 (as noted in section 3.1.1, this
linear dependence at low θ occurs for any angle β between the moiré vectors). For ν= 0.16, one has
ϵsq ≈ 0.94tan(θ/2) and ϕsq ≈−9.4◦. At low twist angles (θ < 5◦), the needed strain magnitude is thus
relatively small; close to the magic angle (θ ∼ 1◦) one has ϵsq ∼ 0.8%. A square moiré pattern formed
by uniaxial strain is shown in figure 3. In [87] a quasi-square moiré pattern is observed in TBG at θ =
0.38◦ with uniaxial heterostrain ϵ∼ (0.21± 0.12)%, in good agreement with the theoretical prediction
ϵsq (θ = 0.38◦)≈ 0.3% [28].

3.4.3. Hexagonal patterns
Hexagonal moiré patterns emerge naturally in the case of only twist without strain (e.g. in TBG) [2,
3]. But one can also have hexagonal moiré patterns with twist and strain [28]. The simplest case is,
of course, with twist and biaxial strain, as this always preserves the hexagonal shape or the layers
(section 3.1.3). For a strain that deforms the layers, one can still have hexagonal patterns if the strain
changes the angle between the moiré vectors to β = 60◦, as this leads to the same periodicity as with
only a twist (where β = 120◦). The crucial difference is that the AA stacking regimes are stretched [28,
62], so the moiré pattern will actually look different (the larger the strain, the more different); see panel
(b) of figure 3. In the particular case of uniaxial strain, the hexagonal moiré solutions are obtained from
equations (43) and (44) with β = 60◦

ϵhex =
4tan(θ/2)√

(3+ ν)(1+ 3ν)
,

ϕhex =
π

6
− 1

2
arccos

(
1

1+ ν
− 1

2

)
. (79)

For ν= 0.16, one has ϵhex ≈ 1.85tan(θ/2) –almost twice the needed for the square moiré case—and
ϕsq ≈−4.38◦. Similar solutions can be found for the case of twist and shear strain.

Another configuration that yields hexagonal patterns is with only biaxial or shear strain [28, 49].
Indeed, in both cases the transformation F is reduced to F= ϵ2I (cf equations (47) and (48)), where ϵ is
the shear or biaxial strain magnitude. As this transformation F is a spherical tensor, it leads to hexagonal
moiré patterns. Therefore, pure biaxial or shear strain offer a pathway to engineer hexagonal moiré pat-
terns solely by strain. In the case of pure biaxial strain, the moiré vectors are simply rescaled by the
strain magnitude, Gi = ϵbbi, so the moiré unit cell has the same orientation as the layers unit cell. For
shear strain, the orientation of the hexagonal pattern depends on the shear angle φ.

By comparing the only strain transformation F= ϵ2I with the transformation F= 4sin2 (θ/2)I with
only a twist (equation (36)), one readily sees that both have the same periodicity when

ϵ= 2sin
θ

2
∼ θ. (80)

At low θ, the above strain magnitude is relatively small and within the experimental range. For instance,
an equivalence with the TBG magic angle θ ∼ 1.05◦ requires ϵ∼ 1.8%.

Figure 7 shows three hexagonal moiré patterns, realized by only a twist, only shear strain and only
biaxial strain. All cases correspond to the same moiré periodicity. Although at large moiré scales the
three moiré patterns look almost indistinguishable, the actual atomic displacements in each case are
markedly different. This turns out to have a significant impact on the electronic properties of the system
[28]. In particular, flat bands around a magic twist angle (equivalent or not) only emerge in the no-
strain configuration.

3.5. Moiré Brillouin zone
The variation of the moiré vectors due to the strain—specifically, their relative length and angle—
changes the shape of the supercell unit cell. The (first) moiré Brillouin zone (mBZ) is, by definition, the
particular unit cell in reciprocal space whose borders are closer to the origin than to the others moiré
vectors. The counterpart in real space is the Winger-Seitz cell (shown in figure 3).

In the case of only a twist with no strain, the moiré vector have always a 120◦ angle between them,
and the moiré pattern is triangular. The corresponding mBZ is thus a hexagon, and it is straightforward
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Figure 7. Three ways to generate hexagonal moiré patterns in a hexagonal homobilayer configuration: (a) only twist angle, (b)
only shear strain and (c) only biaxial strain. The three examples correspond to a twist θ = 5◦, shear strain ϵs = 2sin(θ/2)≈
8.7% and biaxial strain ϵb = 2sin(θ/2)≈ 8.7%. By equation (80), the three cases have the same moiré periodicity. Below each
moiré pattern it is shown a zoom of the twisted or strained hexagonal layers within the moiré unit cell, highlighting the markedly
differences in the atomic position of each case, despite their similarities at the moiré scale. Panel (d) schematically shows the twist
or strain effect in the top and bottom layers (twist, shear and biaxial strain, from top to bottom); the effects are exaggerated for
better visualization. Reproduced from [28]. CC BY 4.0.

Figure 8. Construction of the moiré Brillouin zone (mBZ) with and without strain. The left panel shows the no strain case (only
twist) in which the moiré pattern is always hexagonal and the mBZ is determined, in terms of the moiré vectors G1 and G2, by
the three points qi given by equation (81). The other two panels show the case with twist and strain, whereby the moiré pattern is
no longer hexagonal and the correct mBZ is determined, for equal-length moiré vectors, by the points Qi given by equation (82)
(middle panel). With strain, the points qi rather define a stretched irregular hexagon (right panel) which is not the true (first)
mBZ.

to show that its six borders can be determined from the moiré vectors by the points [48, 63]

q1 =−2G1 +G2

3
,

q2 = q1 +G1,

q3 = q1 +G1 +G2. (81)

and their negatives (see figure 8). These points determine the correct mBZ only in the specific case of
equal length moiré vectors with an angle 120◦ between them.

With strain, the moiré vectors do not longer keep, in general, the same relative length and direction,
so the cell determined by the points given by equation (81) is no longer the true mBZ of the hetero-
structure. Although the points qi would still define a unit cell in reciprocal space (namely, a stretched
hexagon; see figure 8), it would not reflect the change in the moiré geometry due to the interplay with
twist and strain.

In general, the correct mBZ must be constructed for the specific twist and strain (in practice, numer-
ically). The construction is greatly simplified in the particular case of twist and strain that give equal
length moiré vectors (see section 3.1.1). In that case, the correct points that determine the mBZ are
given by [28]

Q1 =− (1+ 2χ)G1 −λG2

2(1+χ)
,

Q2 =Q1 +G1,

Q2 =Q1 +G1 −λG2. (82)
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Figure 9. Evolution of the moiré Brillouin zone (mBZ) for different angles β between equal-length moiré vectors Gi (black
arrows). For each angle β, the correct mBZ defined by the points Qi of equation (82) is shown in blue, while the stretched irreg-
ular hexagon defined by the points qi of equation (81) is shown in red. Only in the no strain case of β = 120◦ do both cells coin-
cide. For nonzero strain, only the correct mBZ reflects the periodicity of the moiré pattern. Reproduced from [28]. CC BY 4.0.

and their negatives. Here

χ =
|G1 ·G2|
|G1 ·G1|

, λ= sign(G1 ·G2)+ δ0,G1·G2 . (83)

Equation (82) is a generalization of equation (81) for any angle between equal-length moiré vectors (to
which it reduces when 120◦). In the special case of β = 90◦ (square moiré pattern), the four points
reduce to four because Q1 =−Q3. Note that equation (82) determines the borders of any two-equal
length lattice vectors with arbitrary angle, so they also determine the Wigner–Seitz cell in real space
(using the equal-length moiré vectors GR

i ). Figure 9 shows the evolution of the mBZ for equal length
moiré vectors with different angle β.

The mBZ depicts the symmetry of the twisted and strained moiré vectors. In conventional band
theory, the borders of the BZ represent special, high-symmetries points because they are located at the
middle between two (or more) Bragg planes, at which a periodic potential opens a gap and there is a
constructive interference condition (Bragg reflection). In nonstrained moiré heterostructures, the system
preserves the symmetries of the underlying hexagonal lattices, and the borders of the mBZ still represent
high-symmetry points. However, under strain the system loses most of its symmetries and the borders of
the mBZ do no longer represent, in general, special high-symmetries points. In particular, under strain
the positions of the two Dirac points are no longer located at the vertices of the mBZ [24, 28, 62]; the
Dirac points are rather located at unfixed points within the mBZ (their exact position depends on the
specific twist and strain parameters). Therefore, unlike conventional band theory in symmetric crystal
structures, the borders of the twisted and strained mBZ do not necessarily reflect special points of the
moiré band structure (e.g. where the Dirac points are located). The correct shape of the mBZ can still be
important in interpreting, and correctly explaining, experimental transport measurements [37].

3.6. Lattice relaxation
The geometrical description in the previous sections assumes that the lattices deform following the
externally applied twist and strain. Real systems, however, tend to naturally relax in response to external
perturbations, in order to minimize the energy. Relaxation effects in moiré heterostructures have been
extensively studied in the literature [47, 74, 75, 88–94]. In the case of TBG, the relaxation is particularly
significant at very small (marginal) twist angles [88], whereby the energy-costly AA stacking regimes
shrink and corrugate out of plane, leading to the formation of triangular AB/BA stacking separated by
domain walls (DW) [89]. As a result, the relaxed moiré pattern of slightly twisted bilayer graphene can
look markedly different than those expected for a rigid configuration. The relaxation acts, by itself, as a
source of intrinsic inhomogeneous strain in the system [29, 95, 96].

Similar relaxation effects are observed under external strain, although to date only few works have
studied it. In the particular case of triangular moiré patterns induced by solely biaxial or shear strain
(section 3.4.3), Cazeaux et al reported also an expansion and contraction of AB/BA and AA stacking
regimes, respectively, as the strain magnitude decreases [49]. A similar behavior was also recently repor-
ted by Kundu et al in biaxially strained MoS2 bilayer [97]. There, the relaxed in-plane strain distribution
is also modified by reducing and increasing, respectively, the strain magnitudes at the AB/BA and AA
stacking regimes, which as in twisted systems, are separated by DW. Since these relaxation effects arise
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Table 1. Summary of strain implementation techniques, including the strain range and applicable moiré materials, discussed in
section 4.1.

Technique Strain range Moiré materials

Substrate out-of-plane bending up to∼2.5% TBG [104, 119], Graphene/hBN [30, 120],Twisted WSe2 [32].
Process-induced strain up to∼3% TBG [31], Twisted MoS2/WSe2 [121], Bilayer MoSe2 [122].
Sliding-based strain up to∼0.81% Graphene/hBN [123],TBG [39].

due to local minimization of the stacking and elastic energies, a similar behavior of DW formation is
generally expected for non-triangular strained patterns. For instance, the quasi-unidimensional chan-
nels (section 3.4.1) also undergo a shrink and expansion of the AA and AB/BA stackings [49]. Another
interesting relaxation effect is the formation of giant atomic swirls under pure biaxial heterostrain [98],
whereby the soliton DW swirl around the AA stacking regimes [99].

In general, the relaxed moiré configurations cannot be accounted by homogeneous twist and strain
profiles, as considered in previous sections. Rather, they are characterized by a position dependent dis-
placement vector at each atomic site, which minimizes the elastic and interlayer adhesion energies. The
displacement vectors are typically obtained numerically [47, 90, 100], or analytically [93, 94, 101]. The
geometrical description of relaxed moiré patterns arising from inhomogeneous strain is beyond the
scope of this review.

3.7. Experimental determination of the strain
It is often the case that the strain in moiré heterostructures is not induced or controlled (section 4), but
rather arise naturally during the sample fabrication. In such situations, the strain configuration in the
system is not known beforehand, so it can only be inferred by analyzing the geometrical and electronic
properties of the moiré pattern. In this section, we briefly describe several methods to identify the strain
and twist from the scanning tunneling microscopy (STM) topography of moiré structures [27, 33, 34,
38, 39, 102, 103].

A general formalism to identify the strain and twist from the atomically-resolved microscopy of
any hexagonal moiré materials was first proposed by Artaud et al [103]. In this method, a set of eight
integers is identified by a Fourier analysis of STM images, from which one can then use the extended
Wood’s notation to determine the geometry of the moiré superlattice. By using this method, Huder
et al [33] found that a small uniaxial heterostrain can suppress Dirac cones and induce flat bands in
TBG. Kerelsky et al [34] proposed another method to deal with STM images without atomic resolu-
tion, whereby by assuming that the samples suffer a uniaxial heterostrain one could extract the twist,
strain magnitude and strain direction with the information of the moiré wavelengths only. Recently, Yu
et al [38] and Carrasco et al [39] develop a simple minimization procedure that determines the twist
and strain without presuming whether the strain is uniaxial or shear. By comparing the measured moiré
wavelengths with the theoretical expressions for both strain types, the method identifies the twist-strain
configuration that best matches the experimental results, providing a systematic way to determine the
dominant strain component and the corresponding parameters directly from STM data.

All the above methods aim to infer the twist and strain configuration in the system through only the
in-plane position of the atoms. The strain effect on the interlayer distance of the moiré pattern can be
directly estimated from the STM topographic height profile [34].

4. Experimental implementation of strain in moiré materials

Due to the nature of nanoscale dimensions and stability, strain is a powerful tuning knob to modify the
geometrical and electronic properties of 2D systems [105–118]. In particular, as we discuss in section 3,
due to the presence of a moiré that acts as a magnifying glass, even very small strains can significantly
modify the geometrical and electronic properties of the moiré patterns. In practice, small strain tend
to be induced inevitably without control during the sample growth or fabrication, which we refer to as
unintentional strain. Intentional strain may be also induced externally and designed carefully by well-
established experimental techniques. In this section, we introduce three efficient experimental techniques
developed to engineer strain in moiré materials. Then we present various strain-induced moiré pattern
geometries generated in experiments.

4.1. Strain techniques
A large amount of experimental techniques have been introduced to generate strain in 2D materials. For
example, strain can be generated by using different microactuators [124, 125], by applying hydrostatic
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Figure 10. The substrate bending technique. Schematic illustration of generating heterostrain in TBG on a flexible substrate
(a) before and (b) after bending. R is the bending radius. (c) Calculated (red line) strain on the flexible substrate surface and
experimental (black squares) uniaxial strain in bottom graphene. The thickness of the flexible substrate is 135 µm. Inset shows
the flexibility of the substrate with TBG device on top. Reproduced from [104]. CC BY 4.0.

pressure [126], by placing 2D materials on periodic structures constructed by nanopillars [106, 127],
by stacking on piezoelectric stacks [119], or by bending a flexible substrate [120]. Here, we will mainly
focus on several common approaches that are well-implemented in moiré materials. A brief summary
of the key strain implementation techniques for engineering moiré materials is given in table 1. Note
that the strain techniques developed for moiré materials may not be compatible for moiré material-based
devices. The strain approaches for 2D material-based devices are out of the scope of this review.

4.1.1. Substrate out-of-plane bending
One strain technique for moiré materials is based on in-plane or out-of-plane stretching or bending the
underlying substrate or active 2D materials [30, 32, 104, 120]. In this technique, the active 2D layer can
be suspended or directly stacked on the substrate. We refer to this method as substrate bending tech-
nique. A similar method to generate strain, through in-plane bending of one active 2D layer by the tip
of an atomic force microscope (AFM), will be detailed in the following subsection [30].

Figure 10 presents a generalized approach of dynamically tuning heterostrain in TBG via the sub-
strate out-of-plane bending [104]. The setup consists of TBG assembled on a flexible polymethyl
methacrylate -coated polyethylene terephthalate (PET) substrate. The twist angle between the two
graphene layers is large (about θ∼13.2◦ in the experiment) in order to minimize the interlayer friction
force in TBG. As a result, the bottom graphene layer is separated from both the top graphene and the
flexible substrate, and the strain generated from the substrate is only transferred to the bottom graphene.
Upon bending the PET substrate, because the bottom graphene layer is strongly adhered to the sub-
strate, it becomes uniaxially stretched. The top graphene experiences a negligible amount of deform-
ation because it is bonded by the weak van der Waals force. Consequently, a uniaxial heterostrain is
generated in the TBG moiré pattern. The strain strength can be dynamically and in situ modulated
by changing the bending radius R, following the relation ϵ≈ t/2R, where t is the substrate thickness
(figure 10(b)). The maximum strain strength achieved by out-of-plane bending in TBG with θ ∼ 13.2◦

was ∼1.3% (figure 10(c)). The formation of heterostrain can be confirmed by the Raman spectroscopy,
which presents triple G peaks with one degenerate mode G peak from unstrained graphene, and two
split G+ and G− peaks from strained graphene.

4.1.2. Process-induced strain
Another common approach is a process-induced strain technique, which is based on the deposition
of stressed thin films onto the active 2D materials [31, 121, 128–130]. In [31], Peña et al utilized this
method to generate designable layer-by-layer strains, on the device-level, with full control over the type
of strain (uniaxial or biaxial, tensile or compressive) in moiré systems. By choosing optically transparent
stressors, the intentionally induced strain could be characterized through Raman spectroscopy.

The technique is schematically shown in figures 11(a) and (c). It consists of a thermally evapor-
ated stressor of CrOx (10 nm) / MgF2 (X nm) fully or partially encapsulated onto the TBG moiré pat-
tern, respectively. Due to the weak interlayer coupling in TBG with relatively large twist angle, the com-
pressive strain induced by the tensile film is only transferred into the top graphene layer. The tensile

21

https://creativecommons.org/licenses/by/4.0/


J. Phys.: Condens. Matter 38 (2026) 103001 F Escudero et al

Figure 11. Process-induced strain technique. (a) Schematic illustration of generating biaxial heterostrain by fully encapsulating a
TBG with a highly stressed thin film. (b) Moiré patterns variation with biaxial heterostrain strength, where θ is the twist angle in
the TBG. (c) Schematic illustration of generating uniaxial heterostrain by partially encapsulating TBG with a highly stressed thin
film patterned into a stripe. (d) Moiré patterns variation with uniaxial heterostrain strength, and strain tunable Hubbard model
parameters. The Hubbard model parameters U and t are the Coulomb repulsion and hopping terms, respectively. In the process-
induced strain approach, the strain magnitude is directly proportional to the applied thin force on the stressor layer. Reprinted
from [31], with the permission of AIP Publishing.

film force is adjusted by changing the thickness of the MgF2 layer alone (40–125 nm). The strain mag-
nitude is directly proportional to the film force [film stress (GPa) × film thickness (nm)]. Figures 11(b)
and (d) show that the induced biaxial or uniaxial heterostrain provides a pathway to modify the geo-
metry and symmetry of the moiré patterns. Note that in the biaxial heterostrain case the moiré pat-
tern effectively retains the C3 rotational symmetry. For uniaxial heterostrain there is rather a signific-
ant change in the moiré geometry, resulting in nonhexagonal patterns as described in section 3.1.1. The
strain and the moiré pattern interference can be examined by Raman spectroscopy through in-plane and
moiré-activated phonon mode shifts. The process-induced strain approach is a powerful technique that
allows for many tunable parameters, such as the strain magnitude, tension or compression, uniaxial or
biaxial, strain direction, and strain profiles.

4.1.3. Sliding-based strain
In [123], Sequeira et al presented a sliding-based technique to manipulate the uniaxial heterostrain in
graphene-hexagonal boron nitride (hBN) and study the strain effect on moiré geometry. To this end,
they fabricated an open-faced graphene device on a hBN substrate, with a fixed source electrode and
a movable drain electrode. In the electrode region, a metal handle is strongly adhered to the graphene
layer (red line in figure 12(d)). Consequently, the drain electrode can be moved laterally by pushing
it with an AFM tip, inducing heterostrain in the graphene layer. To selectively adhere the electrode to
only the graphene layer, a light O2-plasma treatment is applied before depositing the Cr/Au handles. The
electrodes are used to both selectively strain and measure transport (figure 12(e)). Importantly, the mov-
able electrode has to have sufficient sliding friction to retain the strain in graphene when the AFM tip
is retracted. As a result, an open-face graphene sample can be progressively strained, independently of
the hBN substrate. The strain effect was measured by performing the conductive AFM (CAFM) meas-
urement on the open graphene channels (figures 12(f)–(h)). As seen, the initial graphene aligned with
hBN, forming a moiré pattern of length 14 nm, evolves into elongated moiré patterns by stretching the
graphene with the AFM tip.

Recently, a similar sliding-based strain method was developed by Carrasco et al [39]. During moiré
sample growth, due to the different thermal expansion between graphene and the underlying substrate,
graphene layers experience different sources of strain, resulting in graphene wrinkles in the graphene
moiré sample. By mechanically manipulating the graphene wrinkles with a STM tip, they actively tune
local strain in TBG around the angle ∼1.13◦. The geometry of the moiré pattern can be dynamically
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Figure 12. Sliding-based strain technique. (a)–(c) Moiré patterns generated by hexagonal lattices with a lattice mismatch δ =
10% and (a) no strain, (b) ε= 2% uniaxial heterostrain, (c) ε= 10% uniaxial heterostrain. (d) Slide view schematic of a strained
open-face graphene-hBN device. The graphene is stretched by pushing the right electrode with an AFM tip (gray triangle). Red
lines show regions where the metal is strongly adhered through the O2–plasma treatment before deposition. (e) Optical image of
a device. Red dashed regions are the O2–plasma treated electrode. Purple box labels the graphene channel. Scale bar is 4µm. (f)–
(h) 100 nm× 100 nm CAFM images of graphene-hBN moiré patterns. The x-axis of the CAFM is along the graphene channel,
parallel to the stretching direction. Insets show FFT of the images. Fitting the wavevectors results in the strain values ε with strain
angles ϕ relative to the+x-axis, and twist angle θ between graphene and hBN as (0.04%,+80± 20◦,−0.12◦), (0.34%,+1± 5◦,
0.02◦) and (0.04%,+17± 4◦, 0.02◦) for (f), (g) and (h), respectively. Reprinted with permission from [123]. Copyright (2024)
American Chemical Society.

and reversibly switched between trigonal and square. The square pattern arises from a combination of
twist and shear strain that minimizes the elastic energy.

4.2. Strained moiré patterns
As discussed in previous sections, the strain is a powerful tuning knob for manipulating the size and
symmetry of the moiré patterns, much beyond what is possible via only a twist angle. In this section,
we provide experimentally examples of nonhexagonal moiré geometries arising due to combinations of
twist and strain. Here, the strain could be intentionally generated through well-developed strain tech-
niques (section 4.1), unintentionally induced during the sample fabrication, or appear due to the lattice
relaxation. We will first illustrate a continuous approach to fine tune the twist and strain [30], and then
show particular observations of rectangular patterns [32], quasi-1D patterns [77, 78, 85, 131], and giant
atomic swirl deformations [98].

4.2.1. Continuous tuning moiré patterns
In the moiré systems, the geometric and electronic properties are often highly dependent on the moiré
periodicity and the interlayer atomic registry. For example, the superconductivity in TBG is observed
around a twist angle 1.1◦, but has a tolerance of only 0.1◦ [132]. Therefore, a further optimization of
the moiré electronic properties requires a technique to precisely and continuously tune the moiré pattern
with twist angle and strain [30, 133].

Kapfer et al develop a continuous approach to fine tune the twist angle and strain in a graphene–
hBN heterostructure, based on the in-plane bending of monolayer ribbons through an AFM tip [30].
Figure 13 illustrates the continuous tuning approach: a monolayer graphene (MLG) ribbon is bent by
a few-layer graphite manipulator shaped into a gear-like geometry and an AFM tip. The strain induced
by bending the ribbon varies both in the longitudinal (x) and transverse (y) directions. The strain map
in the bent ribbon follows some general tendencies: (i) the strain changes linearly in both directions
and has the maximum value at the end of the ribbon; (ii) in the transverse direction, the ribbon has
compressive and tensile strain on the inside and outside radius, respectively, which are separated by an
unstrained neutral axis; (iii) the maximum strain in the transverse and longitudinal directions are lin-
early dependent on the width W and length L of the ribbon, respectively. Therefore, this continuous
tuning approach allows one to manipulate independently the twist angle and strain in 2D materials.
Importantly, the bending process is robust and reversible.
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Figure 13. Continuous tuning of twist angle and strain in a graphene–hBN heterostructure. (a) Schematic of the continuous
tuning approach. The twist angle and the strain are manipulated by bending a 2D material ribbon through a nanomanipulator
and the AFM tip. (b) Sketch of a distorted moiré pattern, magnifying the effect of strain in the low-angle limit. (c) (Left panel)
AFM images of a bMLG on hBN before (top) and after (bottom) bending, (middle panel) PFM scans taken at the marked spots
(white cross and dot) indicated in the bMLG and (right panel) their corresponding FFTs. From [30]. Reprinted with permission
from AAAS.

Figure 14. Strain-induced triangular-rectangular moiré pattern evolution in twisted bilayer WSe2 with twist angle θ ≈ 1.35◦.
(a) Schematic illustration of a piezoresponse force microscopy (PMF) technique to directly visualize moiré patterns on bent
substrates. The substrate was mounted on molds with different curvatures to generate different strains. (b)–(f) PFM images
of twisted bilayer WSe2 with substrate mounted on molds with (b) flat surface, strain magnitude ε= 0%, (c) with radius
R= 25mm, ε= 0.25%, (d) with radius R= 16.7mm, ε= 0.38%, (e) with radius R= 13.9mm, ε= 0.45%, and (f) with
radius R= 12.5mm, ε= 0.5%. Inserts are FFT images. The blue crosses indicate the moiré angle α. The scale bars are 50 nm.
Reproduced with permission from [32]. CC BY-NC 4.0.

4.2.2. Rectangular moiré patterns
Figure 14 shows a strain-induced moiré pattern manipulation in twisted bilayer WSe2 [32]. In this setup,
a continuous and homogeneous uniaxial heterostrain is generated by bending a flexible substrate with
different radius R (see section 4.1.1). The deformed moiré patterns were visualized by a piezoresponse
force microscopy (PFM). As discussed in the previous subsection, in the bending substrate technique the
strain is only transferred from the substrate to the bottom layer WSe2, generating a heterostrain in the
moiré pattern. In the experiment, the substrate was mounted on several molds with different curvatures,
which controlled the strain magnitude from 0% (flat) to 0.5% (radius curvature of 12.5mm). As seen in
figures 14(b)–(f), this strain variation results in a continuous symmetry modulation of the moiré pat-
terns, from triangular (βR = 120◦) to rectangular (βR = 90◦).

4.2.3. Quasi-1D pattern
As discussed in section 3.4.1, in strained moiré materials there can be a critical strain configuration at
which the moiré collapse into a quasi-1D pattern. The critical condition can be, in principle, engineered
by externally induced-strain (section 4.1). But quasi-1D pattern can also emerge most naturally by unin-
tentional strains, either due to lattice relaxation or sample fabrication. For instance, figure 15 shows clear
rich features of quasi-1D moiré strips of relaxed DWs, for example, the shapes of domains, single DW
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Figure 15. Strain induced 1D pattern in TBG. Non-local nano-photocurrent map of a TBG sample with θ < 0.1◦. In the photo-
current map, the bright spots highlight the AA sites. The AB and BA regions are indicated by orange and cyan dots, respectively.
In the strained region, double domain walls (DDWs) are formed, separating regions of identical stacking configurations (AB or
BA stackings). The green network overlaid on the photocurrent data corresponds to the prediction with one tuning parameter β̄,
indicating the ratio of DDW and single domain wall (SDW) line energies. Reproduced from [67]. CC BY 4.0.

Figure 16. Strain induced giant swirl in bilayer graphene. STM current image (Vb =−300mV, It = 250 pA) for an intercalated
surface of bilayer graphene on SiC, with a deformed moiré showing an (anti-) clockwise swirling feature in (blue) orange. NI
indicate the non-intercalated regions. The inset is the STM image of the white dotted square region measured at Vb = 900mV,
It = 250 pA. The scale bar is 100 nm. Reproduced with permission from [98]. CC BY-NC-ND 4.0.

(SDWs), and formation of double DW (DDWs) [67]. A dimensionless parameter as the ratio of DDW
and SDW line energies was defined to address a competition between SDWs and DDWs. For β̄ < 2, two
SDWs attracted each other favoring the emergence of DDW segments. The SDWs and DDWs are also
observed in some other moiré materials [67, 77, 134].

Similar strain-induced quasi-1D patterns have been also observed in, for example, TBG strained by a
substrate [85], large-angle twisted bilayer WTe2 [135], and exfoliated highly oriented pyrolytic graphite
[136].

4.2.4. Giant atomic swirl
As noted in section 3.6, relaxation-induced giant atomic swirls can emerge in the DW networks of moiré
materials [98, 137]. Figure 16 shows a moiré pattern formed in bilayer graphene with only biaxial het-
erostrain, which was produced by hydrogen intercalation of graphene on SiC [98]. The strain was only
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imposed to the bottom graphene layer by the SiC reconstruction. Due to the presence of lattice recon-
struction in the moiré pattern, DW connecting AA stacking formed a triangular network of AB/BA
stackings. Notably, giant atomic swirls appeared spontaneously around the AA regions. The neighbor-
ing twirl chiralities tend to anti-align (blue and orange arrows). Similar flower-shaped DW were already
reported in trilayer epitaxial graphene on silicon carbide [99].

5. Conclusions and outlook

The addition of strain to twisted moiré materials greatly increases the possible moiré geometries and
emergent electronic properties. Due to the magnifying effect of the moiré, significant changes in the sys-
tem properties can be achieved even with marginal lattice deformations. On the one hand, this makes
strain effects in moiré materials much more relevant than in isolated 2D layers, which require signific-
antly larger strain to change its properties. On the other hand, it means that a precise control of extern-
ally induced strain becomes crucial. As we emphasize in this review, the reward can be a powerful knob
to tune the properties of moiré materials.

While the geometrical properties of twisted and strained moiré patterns are by now relatively well
understood, not much is yet known about the impact on the electronic properties. If anything, the strain
adds to the complexity of understanding the rich correlation physics of twisted moiré materials. Useful
approximations, as those resorting on symmetries, are likely to become invalid in the presence of strain,
thus requiring more general schemes to tackle the problem. Although strain effects may seem unfavor-
able for correlations, they could actually facilitate or stabilize particular broken-symmetry phases. In
either case, we anticipate that novel electronic properties in moiré heterostructures are likely to emerge
as strain engineering techniques evolve.
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