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Abstract

Recent research showed that the rotational degree of freedom in stacking 2D ma-

terials yields great changes in the electronic properties. Here, we focus on an often

overlooked question: are twisted geometries stable and what defines their rotational

energy landscape? Our simulations show how epitaxy theory breaks down in these sys-

tems, and we explain the observed behaviour in terms of an interplay between flexural

phonons and the interlayer coupling, governed by moiré superlattice. Our argument,

applied to the well-studied MoS2/Graphene system, rationalizes experimental results

and could serve as guidance to design twistronics devices.
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Introduction

Van der Waals (vdW) 2D materials, like graphite and the family of transition metal dichalco-1

genides (TMDs), are a class of compounds characterized by an anisotropic structure. Strong2

intralayer covalent bonds complement the weak vdW interlayer interactions, which facilitate3

the lamellar structure of bulk crystals. Due to their diverse chemistry and versatile prop-4

erties, these materials have received significant attention from the scientific community in5

the past decades.1–3 Applications can be found in microelectronics,4,5 catalysis6–8 and tri-6

bology.9,10 While the attractive properties of the pure compounds are widely known, recent7

e↵orts have been focusing on the physics and properties emerging from the stacking degree of8

freedom o↵ered by these lamellar materials. Di↵erent types of single layers can be mixed and9

matched to create new superstructures, termed heterostructures .11–14 A key feature, a↵ect-10

ing the behaviour of multi-layered structures, is the relative orientational mismatch between11

layers. While heterostructures are intrinsically incommensurate due to the di↵erent lattice12

constants of the parent single layers, incommensurability can also arise in homostructrures13

due to a relative misalignment of the single layers.914

The relative mismatch between layers, both for homo- and heterostructures, has been15

related to a range of electronic and mechanical properties.9,15–20 A flourishing new branch in16

the field of condensed matter, known as twistronics, promises to allow fine-tuning of the elec-17

tronic properties using the rotational misalignment between layers.17,21 A notable example18

is the recent discovery of unconventional superconductivity in bilayer graphene (G) twisted19

at the magic angle of 1.1�.21 Another study found that the vertical conductivity of bilayer20

MoS2/G heterostructures varies by a factor of five when imposing an angle of 30� between21
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the layers.22 Finally, a pioneering work9 showed that, by switching from commensurate to22

incommensurate orientation in graphite systems, it is possible to achieve a state in which23

the coe�cient of friction vanishes, the so-called superlubric regime.24

Despite the interesting physics, that results from these relative mismatches, an often25

overlooked question is by what their rotational energy landscape is determined, and thus26

which geometries are stable. Indeed, experimental studies are contradictory on this point,27

with a wide range of misfit angles found, even for the same type of system.23–26 Below,28

we give a few examples of heterostructures based on MoS2 on G. This system may be re-29

garded as the prototypical 2D heterostructure, as it combines two well-known and extensively30

studied materials, widely reported on in the literature. Moreover, it has been reported that31

MoS2/G heterostructures show interesting electronic behaviour as function of their mismatch32

angle.27,28 Using chemical vapor deposition (CVD), Liu et al. epitaxially grew triangles of33

MoS2 on top of G, about 0.135µm in size, with the majority of them (84%) aligned to the34

substrate and the remainder rotated by 30�.23 Using the same technique, Shi et al. found35

mismatch angles between MoS2 and G, on top of a Cu foil, ranging from �11� to 18�, with36

hexagonal flake sizes of about 1µm.24 For CVD-grown flakes of 9µm, Lu et al. found a37

mismatch with typical angles below 3�.25 Finally, using an exfoliation protocol, Adrian et al.38

prepared multi-layered heterostructures and observed a misfit angle of 7.3�.26 As well as39

di↵erent values for the observed mismatch angle, these studies o↵er di↵erent explanations40

for its origin. Whereas some attribute the observed (mis)alignment to the vdW epitaxy,41

accommodating the mismatch in lattice constants,23,24 others use the structural features of42

the underlying G and the edges25 as an explanation.43

In a recent theoretical work, Zhu et al.
15 explained the orientational ordering of finite44

size homostructures, e.g. MoS2 flakes on an MoS2 substrate, using a purely geometrical45

argument: the lowest energy configuration is the one obtained by the roto-translation of46

the rigid flake which maximizes the number of locally commensurate regions. Although this47

argument is solely based on geometry, it provides a satisfactory approximation for finite size48
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systems but in the limit of infinite planes, i.e. for large enough flakes, commensurate regions49

equal incommensurate ones. Therefore, in the limit of extended interfaces, other theoretical50

frameworks are needed.51

In this contribution, we aim to explore the energy landscape originating from the rota-52

tional degree of freedom of edge-free, complex layered heterostructures and relate its fun-53

damental origin to incommensurability and layer deformation at imposed angles. This will54

provide guidance for the design of vdW heterostructures and the control of the twisting55

degree of freedom. In order to make a more general point about the relative importance56

of di↵erent contributions, in determining the total energy landscape, we focus on a spe-57

cific but well-studied system, namely MoS2/G. While previous energy analysis focused on58

commensurate MoS2/MoS2 homostructures29 or near-commensurate 2D-crystal G/hBN het-59

erostructures,30 the MoS2/G BL system has a mismatch ratio ⇢ = l/l ⇡ 0.8 far away from60

commensurate value ⇢ = 1 and moreover is composed of a mixture of 2D and 3D crystal61

monolayers. This analysis shows the practical application of our argument and will also62

allow us to comment on the apparently contradictory experimental observations regarding63

this particular system.64

Results and discussion65

In order to avoid finite-size e↵ects and harvest information solely from the relaxation of the66

atoms in the layers, we implemented a protocol to build edge-free geometries. The resulting67

supercells are simultaneously compatible with the lattice mismatch and a relative imposed68

angle between the layers. As a result, periodic boundary conditions (PBC) can be applied to69

these structures. The starting interface geometry is described by a pair of 2D lattices defined70

by vectors (laâ1, laâ2) and (lbb̂1, lbb̂2), where la and lb represent the lattice constants, and71

the b̂i vectors are rotated by an angle ✓ with respect to âi. Two layers will be compatible if72

they satisfy the matching condition la(n1â1 + n2â2) = lb(m1b̂1 +m2b̂2), where the integer73
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numbers n1, n2, m1, m2 are supercell indices representing the repetition along each lattice74

vector. In practice, for incommensurate lattice constants, the matching condition yielding75

PBC-compliant supercells can only be satisfied approximately, i.e. the lattice spacing l
0 of76

one of the two component needs to deviate from its equilibrium value l. Here, in order to77

obtain suitable structures with imposed angles between 0� and 60�, we accept supercells78

satisfying |l0� l| < 5⇥ 10�7 Å. The resulting strain is applied to the MoS2 layer, which leads79

to a maximum strain ✏ = l0�l
l within the same order of magnitude, four orders less than80

reported strains in other computational studies.31–33 This protocol yields a set of supercells,81

each of which has a di↵erent number of atoms up to 343893, created according to the four82

supercell indices resulting in an unique twisting angle, satisfying the matching condition.83

Details of this protocol and all the parameters of the supercells used are reported in the84

Supplementary Information (SI).85

In these supercells, we distinguish intralayer and interlayer inter-atomic interactions,86

resulting in the following Hamiltonian87

H = HL1 +HL2 +HL1L2 . (1)

The G layer is modelled with the REBO potential,34 HL1 = H
(REBO)

C
, while the 3-body88

Stillinger-Weber (SW) potential33 is used for MoS2, HL2 = H
(SW)

MoS2
. Interlayer coupling is89

described by the Lennard-Jones (LJ) potential90

HL1L2 = H
(LJ)

C�Mo,C�S

=
X

i2C
j2Mo,S

4✏ij

⇣
�ij

r

⌘12

�
⇣
�ij

r

⌘6
�
. (2)

Since the interlayer interactions are especially relevant for the aim of this work, we refined91

the values for the C-Mo and C-S interactions found in Ref.33 As a reference set, we com-92

puted the binding energy curves at DFT level, using the Vienna Ab initio Simulation Pack-93
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age (VASP)35,36 within the Projector Augmented-Wave (PAW) framework.37 The exchange-94

correlation potential is approximated using the PBE functional38 and the vdW dispersion95

is described by the DFT-D2 method.39 After this procedure, we are able to perform energy96

minimizations using the conjugate gradient algorithm available within the LAMMPS pack-97

age.40 More details about the fitting and minimization procedure can be found in the SI. An98

overview of the computational setup can be found in Figure 1.99

An approximate theory for the orientational ordering of an incommensurate interface100

was proposed by Novaco and McTague.41,42 Although developed in the context of epitaxial101

growth of noble gas layers on metal surfaces, it has been successfully applied to the behaviour102

of mesoscopic colloidal layers in optical lattices43 and metal clusters adsorbed on G.44 The103

assumption of the Novaco-McTague (NM) theory is that two purely 2D systems, linked104

via an interface, may be divided into two separate components: a soft adsorbate layer,105

treated within the harmonic approximation, atop a rigid substrate. This means that one106

of the intralayer terms in Eq. (1) is substituted by its harmonic approximation, while the107

coordinates of the second layer are frozen at its initial values, r0. For example, considering108

G as the adsorbate and MoS2 as the substrate yields the following Hamiltonian109

HNM = H
(REBO)

C

���
harmonic

+ H
(SW)

MoS2

���
r0
+HC�MO,C�S. (3)

If the substrate and the adsorbate lattices are incommensurate, due to a mismatch in lattice110

constants, the system is frustrated: the intralayer interactions within the adsorbate favor111

the intrinsic equilibrium lattice spacing, while the interactions with the substrate drive the112

atoms away from their equilibrium positions. In the limit of long wavelength distortions,113

the NM theory predicts that the system can lower its energy by converting part of the114

longitudinal stress coming from the incommensurability into shear stress. This yields a115
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Top View
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Figure 1: Schematic overview of the computational setup displayed for a mismatch angle of
9.75�. In the top panel, a top view is provided, including a sketch of moiré tiling resulting
from the geometrical interference between the two lattices. The mismatch angle between
the lattice direction of MoS2 (blue line) and G (green line) lattices is reported as well. In
the bottom panel, a side view is provided, including the corresponding force fields that have
been used.
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small misalignment angle between the two lattices given by116

cos ✓NM =
1 + ⇢

2(1 + 2�)

⇢[2 + �(1 + ⇢2)]
, (4)

where ⇢ = lsubstrate/ladsorbate is the mismatch ratio between the two lattices and � = (cL/cT)2�117

1, with cT and cL being the transverse and longitudinal sound velocities of the adsorbate,118

respectively.119

The result of NM in Eq. (4) can be applied to our system by extracting the sound velocity120

of each single layer from the phonon dispersion, as reported in the SI. There are two possible121

scenarios: G can be treated as the rigid substrate, while MoS2 acts as a soft adsorbate, or122

vice versa. In the first case, the theory predicts ✓
MoS2
NM

= 8.0�, while if G is the adsorbate,123

the minimum-energy angle is ✓G
NM

= 8.6�. The prediction of the NM model can be verified124

by minimizing the total energy of the twisted geometries described above under suitable125

constraints. We froze the atoms of the heterostructures in the direction perpendicular to126

the surface, i.e. the z axis, e↵ectively reducing the dimensionality of the system to 2D.127

Furthermore, we also froze the atoms of the substrate layer in the in-plane directions x and128

y, enforcing a fully rigid substrate.129

As mentioned at the beginning of this section and explained in detail in Section one of the130

SI, the edge-free geometries used in this work inevitably retain a degree of stress resulting131

from the matching condition for the two lattices in order to be able to apply PBC. The132

slightly di↵erent strains, unique to every geometry, result in di↵erent o↵sets in the obtained133

energies. Since these o↵sets are of the same order as the energy gain arising from in-plane134

displacement of the atoms, this residual strain leads to a significant noise in the signal of the135

energy profile as a function of the imposed angle. To overcome this problem and to obtain a136

clear signal from our simulations, we enhanced the LJ-coupling strength between the MoS2137

and G layers. In other words, we set the LJ-parameters ✏ij in Eq. (2) to ✏
0
ij = 100 · ✏ij during138

the geometry optimization. Next, the applied bias is corrected by scaling back the energy139
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profile, as if simulated with the original value of ✏ij. As is shown in Section three of the SI,140

this computational trick solely reduces the noise without a↵ecting the actual physics of the141

problem.

Figure 2: Energy E (meV/atom) as a function of the imposed angle ✓ (�) for di↵erent 2D
models: red squares refer to flexible G on top of rigid MoS2; blue circles refer to flexible MoS2

on top of rigid G. The labels in the legend indicate the flexible ML. The reference value of
the energy scale is set to E(0). The minimum-energy point along each curve is highlighted
by a dashed line and a label. Red and blue crosses (accompanied by a label) mark the
minimum angle predicted by the NM theory for the first and second case, respectively. The
minimum-energy and NM-predicted angles for flexible MoS2 are reported starting from 60�

for easiness of reading.

142

Figure 2 shows the optimized energy E (meV/atom) as a function of the angle ✓ (�), with143

respect to the energy of the aligned structures, E(0). The two curves refer to the following144

models: 2D-adsorbed G atop rigid MoS2 (red) and 2D-adsorbed MoS2 atop rigid G (blue).145

Both cases reveal a minimum at a non-zero angle: for the adsorbed G case, the minimum146

is found at ✓
G

min
= 4.2�, while for the adsorbed MoS2 case it is at ✓

MoS2
min

= 12.3�. Due to147

the intrinsic hexagonal symmetry of our system, each curve has two symmetrical minima148

centered around 30�. The simulations show that the physics described by the approximation149

of Eq. (4) is still valid, i.e. a non-zero minimum angle is observed for both cases. However,150
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the absolute values of the predicted and observed angles are not in agreement, yielding a151

discrepancy of ✓G
min

� ✓
G

NM
= �4.4� in the case of 2D-adsorbed G, and ✓

MoS2
min

� ✓
MoS2
NM

= 4.3�,152

in the case of 2D-adsorbed MoS2.153

A previous study of G and h-BN hetero-structures showed30 the NM model quantitatively154

describes the relaxation of the constrained system of these purely 2D materials. Here, the155

NM theory captures the basics of the physics, but is not able to describe satisfactorily the156

complex geometry of the bilayer system, especially in case of the flexible MoS2 layer. We157

attribute the poor prediction of the theory in our case to the internal 3D structure of the158

MoS2 monolayer, which indeed is unaccounted for in the NM model. This suggests that the159

NM theory is generally of limited utility for any bilayer comprising TMDs or other systems160

with a 3D monolayer structure. Another di↵erence between our results and the results found161

for G/hBN heterostructures30 is the quantitative di↵erence in the energy values. In fact, our162

results report energy di↵erences of one order of magnitude less. We explain this di↵erence by163

the earlier mentioned relatively large MoS2/G BL system mismatch ratio ⇢ = l/l ⇡ 0.8. Due164

to this significant incommensurability between the MoS2 and G, present for all rotations,165

the atom displacements and energy di↵erences are expected to be less pronounced. In fact,166

a similar observation has been done experimentally by Diaz et al.27 and Pierucci et al.28 For167

example, Diaz et al. found that the MoS2/G moiré pattern obtain via AFM measurements168

was less pronounced compared to the one of hBN/G.169

Considering another case, one in which all degrees of freedom are considered, i.e. all170

atoms are free to move in the 3D space, the NM theory is even qualitatively inadequate.171

Figure 3 shows the energy E (meV/atom) as a function of the angle ✓ (�) of the system172

without rigid substrate, but with two soft, interacting layers. Naturally, the LJ-coupling173

between the two layers has been restored to the values obtained from fitting against the174

DFT data to correctly reproduce interlayer forces. The behaviour that we found is both175

quantitatively and qualitatively di↵erent from the constrained system presented previously.176

The introduction of the out-of-plane dimension (z) changes the response qualitatively. The177
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Figure 3: Energy per atom E(✓), in meV, as a function of the imposed angle ✓. Each point
in the energy landscape represents a distinct geometry at a di↵erent imposed angle and the
blue line is a Bézier fit. The small oscillations at ✓ = 0�, 60� are due to numerical noise
in the energy simulations. The circular insets show top views of the relaxed structures at
✓ ⇡ 0� (bottom left), ✓ ⇡ 50� ⌘ 10� (bottom right) and ✓ ⇡ 30� (top center). The atoms
are colored according to the scheme in Figure 1. The pink hexagons sketch the moiré tile in
each configuration.

energy minima at non-zero angles have disappeared and the energy now rises symmetrically178

from the global minima at the aligned cases (0�,60�) towards the global maximum at the179

mismatch angle of 30�. From Figure 3, one can thus deduce that at 0K, the fully flexible180

bilayer system will be stable when aligned at 0� or 60�. The energy profile around the181

misalignment of 30� is flat and the misaligned geometry at this angle could therefore be182

characterized as meta-stable, as a vanishing force F = �dE(✓)/d✓ drives the system toward183

the global minima at 0� or 60�. In the thermodynamic limit this orientation should not184

occur, considering it is the global energy maximum. The fact that non-aligned structures185

are observed experimentally23 can be explained by the fact that this type of geometry can be186

temporarily stabilized by a small internal friction, e.g. due to local defects, creating energy187

barriers that need to be overcome first.188

The NM theory does not hold when structural distortions perpendicular to the interface189

are allowed. Our results indicate that these are important for MoS2/G heterostructures and190
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we believe that this is also the case for other complex heterostructures. The core of the NM191

argument is that the collective misalignment arises due to the excitation of the transverse192

phonon branch in the xy plane, which lies lower in energy than the longitudinal branch.193

This static distortion, which results in an increased internal energy of the adsorbate layer, is194

counterbalanced by a better interdigitation of the two lattices, that is, the displaced atoms195

are locally displaced to an overall more favorable stacking, with respect to the interlayer196

potential.41,42 If out-of-plane distortions, unaccounted for in the NM theory, lead to a better197

interplay between the two layers, i.e. if there is a gain in the interlayer coupling energy that198

is larger than the intralayer energy penalty from out-of-plane modulations, the system will199

lower its total energy. Di↵erently from the NM theory, the lowest-energy distortion in this200

scenario would not result in a misalignment between the components, but in the formation of201

ripples creating locally commensurate zones at the equilibrium distance and incommensurate202

zones at a larger interlayer distance.203

We characterize here the out-of-plane deformations, disregarded in NM theory, in terms204

of the flexural phonon branch, which describes excitations perpendicular to the ML plane.205

In line with our edge-free geometries, the phonon picture is independent of sample size and,206

since the phonon eigenvectors represent a complete basis set,45 any distortion in the crystal207

may be expressed as a linear combination of phonons. Moreover, treating the distortions of208

a layer in terms of its phonon spectrum decouples the intralayer energetics from interlayer209

interaction. Our analysis, reported in Section seven of SI, shows that deformations in the210

MoS2 ML are two orders of magnitude smaller than the deformation of G. This signals that211

the distortion governing the energy economy of the system happens in the G layer and we212

therefore focus the following analysis on this part only. As shown by the blue solid line in213

Figure 4, the flexural band is flat near the center of the Brillouin Zone (BZ) (� point), i.e.214

the long-wave modulations perpendicular to the basal plane can occur essentially without215

an energy penalty. Transverse (dashed grey in Figure 4) and longitudinal (dash-dotted gray216

in Figure 4) bands, that are the basis of NM theory, are higher in energy, resulting in more217

12



expensive modulations of the G layer.
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Figure 4: Phonon band structure of the G monolayer. The y axis reports the phonon energy,
while the x axis marks the distance from the origin along the path � ! M ! K ! �, shown
in the top right inset and marked along the x axis by gray dashed lines. The flexural branch is
reported by a solid blue line, transverse branch by dashed gray line and longitudinal branch
by dash-dotted grey line while other branches are shown in dotted black lines. Colored
segments along x raising from y = 0 to the flexural branch mark wavevectors matching
the moiré spacing LM(✓) for the geometries in the insets of Figure 5, as highlighted by the
color-code. The moiré wavevector kM corresponding to real-space wavelength LM are shown
in the top-right inset following the color-code in the legend in top left. The insets marked by
black arrows show the characteristic displacement pattern for the three acoustic branches:
gray arrow indicates the direction of the wave vector ~k and blue arrow the displacement of
the atoms in a unit cell.

218

While the phonon spectrum describes the energy penalty compared to an isolated ML at219

equilibrium, the energy gain from interlayer interactions can be quantified in terms of moiré220

patterns. The moiré superlattice is a geometrical construction describing the interference221

between two lattices, and can be used to identify geometrical correspondence between lat-222

tices, i.e. zones of local commensuration versus incoherent stacking. The symmetry of the223

moiré superlattice reflects the one underlying Bravais lattices and its lattice parameter LM224
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is given by46
225

LM(✓) =
lGp

1 + ⇢�2 � 2⇢�1 cos ✓
. (5)

Figure 5 shows the correlation between out-of-plane modulations, i.e. rippling in the z226

dimension, and the moiré pattern in the G sheet. At ✓ = 0, the moiré spacing and the227

average displacement along z are at a maximum and they both decrease as the misalignment228

increases. As ✓ increases, the length of the pattern shrinks with the displacement along z:229

at ✓ = 30� the moiré shrinks to a couple of unit cells and the monolayer remains basically230

flat. The rippling patterns follow perfectly the moiré superlattice, as shown in the insets231

of Figure 5 for selected values of ✓, i.e. the nearest configurations having approximately232

an angle of ✓ = 0� (0.23�), 10� (9.75�), 20� (19.89�), 30� (29.17�). The local information233

expressed in the ripples of the carbon sheet is condensed in the thickness of the G layer234

⌧(✓) = max
~ri2G

zi �min
~ri2G

zi, (6)

which is a global parameter with a single value for each twisted geometry, as reported by235

black circles on the left y axis in Figure 5.236

Combining the geometrical construction shown in Figure 5 and the G phonon dispersion237

in Figure 4, we can explain the energy profile in Figure 3. The moiré spacing LM(✓) can be238

mapped to wavevectors into the BZ by kM(✓) =
2p

3LM(✓)
. The wavevectors kM, corresponding239

to the spacing LM of the geometries in the insets of Figure 5, are highlighted in Figure 4. All240

wave-vectors in the BZ at the moiré spacing are shown by vertical segments along the path241

and as circles in the inset, and follow the same color-code. A modulation of the G sheet,242

with wavelength LM(✓), can be represented as a combination of phonon modes of matching243

wavevectors kM(✓). Since the modulation of G layer essentially takes solely place in the z244

direction, the major contribution in the decomposition on phonon modes will come from the245

flexural branch. Within small displacements from the equilibrium positions, the energy price246

of such modulations can be estimated by the corresponding phonon energy. As ✓ varies from247
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LM(0°)

LM(10°)

LM(20°)

LM(30°)

Figure 5: Thickness of G layer ⌧(✓) resulting from the displacement of C atoms (black
circles, left axis) and spacing of the moiré pattern LM(✓) (colored dotted line, right axis)
as a function of ✓ for equivalent configurations at 0� and 60� rotating towards 30�. The
insets show the local distortion following the moiré lattice in a square of sides 60 Å at
the nearest configuration having approximately an angle of ✓ = 0� (0.23�, dark purple),
10� (9.75�, purple), 20� (19.89�, dark pink), 30� (29.17�, pink). The color of each triangle
reports change in height �z = z�zeq coordinate of the corresponding C atom (black points)
following the color code reported in top left. For example, the moiré pattern can be seen in
the inset for LM(0�) as the lattice defined by the red regions.
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0� to 30� and the moiré shrinks, like is shown in Figure 5, the associated wavevector kM(✓)248

assumes the values between kM(0�) = 0.09 Å�1 (dark-purple lines in Figure 4) and kM(30�) =249

0.24 Å�1 (pink lines in Figure 4), at increasing flexural-phonon energies. Next, we describe250

these limiting cases in more detail. At ✓ = 0�, the spacing of the moiré is LM = 12.5 Å,251

which is the distance between the locally commensurate patches, the red regions in Figure 5.252

As signaled by the dark-purple line in Figure 4, flexural phonon modes of this length in G253

are close to the flat region around � and therefore energetically inexpensive. This allows254

commensurate regions to stay at the equilibrium interlayer position, while incommensurate255

ones are pushed away from MoS2 ML, perpendicular to the basal planes. As ✓ increases to256

30�, LM decreases, and thus the distance between locally commensurate areas reduces. As a257

result, the deformation needs to occur over a shorter distance and its energy cost therefore258

increases. At ✓ = 30�, LM = 4.88 Å, which is about 2 G unit cells. As shown by the pink line259

in Figure 4, deformations of this length scale are described by phonons at the edges of the260

BZ and are energetically more expensive than the gain coming from the interdigitation with261

the substrate. Therefore the G sheet remains flat, at the expense of the interlayer coupling,262

resulting in a higher total energy of the heterostructure compared to the aligned case. The263

flattening of the flexural branch near the edges of the BZ, as shown by the solid blue line264

between M and K in Figure 4, is mirrored by the plateau in the energy profile in Figure 3265

around ✓ = 30�: in the whole region moiré modulations are too expensive and the system266

cannot obtain any energy gain.267

To sum up, the unconstrained 3D heterostructure lowers its energy by out-of-plane dis-268

tortions according to the moiré pattern. This is particularly evident at ✓ = 0, where269

LM = 12.5 Å: here the flexural distortion is almost without any energy penalty and the270

system lowers its energy by improving the interdigitation between G and the MoS2 layers.271

As ✓ increases, LM decreases and the cost of the ripples overtakes the gain in energy due272

to local commensuration, yielding flat G and an increased total energy. Finally, the region273

of the BZ spanned by the moiré spacing as a function of ✓ (the region between purple and274
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pink segments in Figure 4) shows that the approximation of long-wavelength used to derive275

Eq. (4) is unsuited in the large-mismatched heterostructures. Because of the fact that also276

phonon excitation near the border of the BZ are involved in the energy economy of the277

system, a modified epitaxy theory is needed in these cases to predict and to understand the278

phase stability of imposed twist angles.279

Conclusions280

We explored the stability of twisted vdW heterostructures. Although often overlooked, this281

phenomenon is of particular importance in the emerging field of twistronics, as it can be a282

decisive factor in the real-life application of such systems. The energy as a function of an283

imposed angle determines whether a device is at risk of rotating away from a prepared angle.284

Our analysis of MoS2/G heterostructures helps to clarify the scattered experimental data.285

We find a single global minimum at ✓ = 0� and 60�: i.e. only epitaxial stacking is expected286

for the system at 0K. However, experiments always present defects or intrinsic friction287

that might result in the emergence of activation energies, potentially trapping a system in288

a meta-stable (or even unstable) state. In the limit where such e↵ects become negligible,289

i.e. activation energy approaching zero, one would mostly observe aligned at ✓ = 0� and 60�290

and few 30�-rotated heterostructures, in agreement with the results of Liu et al.
23 A possible291

experiment, to test the validity of our results, would be to perform a systematic repetition of292

the aforementioned experiments, focused upon reducing deviations resulting from working293

conditions, e.g. annealing temperature. We expect that the results of such an e↵ort will294

confirm our findings: with a high enough annealing temperature and large enough flakes295

of significant quality, the bilayer system should be found in the aligned configuration, with296

possibly some outliers around 30�.297

The relevance of our results becomes clear when considering the fact that interesting298

physics is observed at certain unstable mismatch angles.28 Our findings show that care must299
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be taken when designing nanodevices as properties observed in studies at a specific angle300

might fade over time due to the system spontaneously rotating toward the real thermody-301

namic equilibrium. In fact, others19 also suggest that aligned structures are most suitable302

for optospintronic applications.303

Finally, we explain the origin of the observed energy economy in terms of the interplay304

between flexural phonon modes of the pristine compounds and the moiré superlattice. This305

insight is general in nature and can be applied to all layered materials and heterostructures,306

serving as a design tool for twistronic devices. Sti↵ness in the out-of-plane direction should307

be considered as a critical property in the design of such devices. It is for example known308

that rippling can a↵ect the Schottky junctions, which are directly related to the performance309

of optoelectronic devices such as photodetectors and solar cells.47 Soft flexural phonon modes310

might be a lower energy route out of frustration than twisting, hindering the possibility of311

stable rotated configurations. Furthermore, our results show the need for a novel theory of312

epitaxy for layered materials, incorporating the flexural branches ignored in the NM theory313

and taking into account all phonon wavelengths. The insights presented here can serve as a314

starting point for developing such a theory of the epitaxial growth for vdW heterostructures.315

Methods316

Classical MD All energy minimizations of the rotated heterostructures have been per-317

formed using molecular dynamics by means of the LAMMPS package40 using the conjugate318

gradient algorithm, where the energy tolerance was set to 1⇥ 10�15. The REBO potential34319

was used for G, whereas an adapted version of the 3-body Stillinger-Weber (SW) potential33320

was used for MoS2. To model the vdW interactions, we used an interlayer LJ potential. To321

obtain the explicit values of the parameters, we refined the values that can be found in the322

paper by Ding et al.,33 of which we provide an elaborate description in the SI.323
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DFT calculations Ab initio calculations used to re-parametrise the force field were324

carried out using DFT as implemented in the Vienna Ab initio Simulation Package (VASP)35,36325

within the Projector Augmented-Wave (PAW) framework.37 The exchange-correlation po-326

tential is approximated using the PBE functional38 and the vdW dispersion is described by327

DFT-D2 method.39 A plane wave cut-o↵ of 800 eV is adopted and the Brillouin zone was328

sampled using a 13⇥ 13⇥ 1 mesh.329

Phonon calculation Phonon bands were computed with the aid of Phonopy,48 which330

was coupled to LAMMPS using phonoLAMMPS.49 In both cases the phonon dispersion was331

computed using the frozen method employing a 5x5x1 supercell.332
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Moiré Superlattices. Journal of Physical Chemistry C 2019, 123, 9770–9778.435

(30) Guerra, R.; van Wijk, M.; Vanossi, A.; Fasolino, A.; Tosatti, E. Graphene on h-BN: to436

Align or Not to Align? Nanoscale 2017, 9, 8799–8804.437

(31) Wang, Y.; Xiao, J.; Zhu, H.; Li, Y.; Alsaid, Y.; Fong, K. Y.; Zhou, Y.; Wang, S.;438

Shi, W.; Wang, Y.; Zettl, A.; Reed, E. J.; Zhang, X. Structural Phase Transition in439

Monolayer MoTe2 Driven by Electrostatic Doping. Nature 2017, 550, 487–491.440

23



(32) Wang, Z. J.; Ma, T. B.; Hu, Y. Z.; Xu, L.; Wang, H. Energy Dissipation of Atomic-441

scale Friction Based on One-Dimensional Prandtl-Tomlinson Model. Friction 2015, 3,442

170–182.443

(33) Ding, Z.; Pei, Q. X.; Jiang, J. W.; Huang, W.; Zhang, Y. W. Interfacial Thermal444

Conductance in Graphene/MoS2 Heterostructures. Carbon 2016, 96, 888–896.445

(34) Brenner, D. W.; Shenderova, O. A.; Harrison, J. A.; Stuart, S. J.; Ni, B.; Sinnott, S. B.446

A Second-Generation Reactive Empirical Bond Order (REBO) Potential Energy Ex-447

pression for Hydrocarbons. Journal of Physics-Condensed Matter 2002, 14, 783–802.448

(35) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Open-Shell Transition Metals.449

Physical Review B 1993, 48, 13115–13118.450

(36) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-451

Wave Method. Physical Review B 1999, 59, 1758–1775.452
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