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Abstract

We observe helical dislocation network in twisted bilayer graphene (tBLG), which is ac-
companied by large out-of-plane deformation. By atomistic calculations, we demonstrate
two distinct out-of-plane deformation modes, breathing mode with small out-of-plane de-
formation and bending mode with one order larger corrugation magnitude compared to the
breathing mode. The out-of-plane deformation is caused by inhomogeneous interlayer cou-
pling resulting from the periodic stacking order of the tBLG moiré superlattice. Instead of
commonly observed screw dislocation in tBLG, we demonstrate a slip-induced helical dislo-
cation network in the bending mode tBLG. We show that bending mode deformation is more
stable at low twist angles, as the energy savings due to interface energy exceeds the energy
penalty due to the strain energy caused by the large out-of-plane deformation. Our work

provides a detailed picture of a new helical dislocation structure in tBLG and establishes a
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direct connection between the dislocation and deformation. Therefore, understanding the
dislocation mechanics of tBLG may open up the possibility to control the corrugation, and

reveal an opportunity to tune the intriguing physical properties of twisted bilayer graphene.
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Recent advances in the field of 2D materials have opened up a new area of materials design
in which 2D materials are stacked to create van der Waals heterostructures.’ Moiré patterns
appear in these heterostructures due to relative strain and rotation between the layers, and
relaxation of local strain and rotation creates an inhomogeneous deformation field.*" This
behavior provides an opportunity to alter the electronic structure by controlling the moiré
wavelength. For instance, the electronic band structure of twisted bilayer graphene (tBLG)
displays flattening of bands near the Fermi level as the twist angle approaches a so-called
“magic-angle” of 1.08°.%9 Thus, it is important to understand the mechanics behind the
moiré-induced deformation field and its role in the emergence of exotic physical properties of
the van der waals heterostructure. More recently, observations of correlated electronic states

and unconventional superconductivity!%1?

in the magic-angle twisted bilayer graphene have
further emphasized the need to gain insights into the mechanics of moiré patterns in tBLG.

In bilayer graphene, AB stacking or AC stacking (which is equivalent to BA stacking)
create ground state structures with minimum potential energy among all possible stacking
configurations.'* 17 However, when two layers are rotated relative to one another, a periodic
variation of stacking configurations develops between the layers, creating imperfect alignment
in the SP regions that separate AB and AC regions.'® The SP regions of tBLG can

be described, from a topological perspective, as partial dislocations of screw type.”2° As

the twisted bilayer graphene is not in perfect AB or AC stacking configuration, it results



in an increase in the potential energy.?’?* Within a small twist angle regime, the high
potential energy of the rigid tBLG is relaxed by maximizing the area of AB/AC stacking
region while reducing the area of misaligned regions of AA and SP stackings.?»2426 The
current understanding of the relaxation is based on the in-plane relaxation of the tBLG
moiré superlattice and considers a dislocation structure of pure screw character, as widely
reported in the literature.?>:2” However, out-of-plane relaxation, which significantly alters
the dislocation character in tBLG, is neglected in this description.?* Since the low bending

28-30

modulus of graphene enables 3D deformation in 2D multilayer graphene through bending

32734 and crumpling,® the consideration of out-of-plane

phenomena such as folding,*! rippling,
relaxation in tBLG is a necessary one. Moreover, Yu et al.?3" have demonstrated that
bending of multilayer van der Waals materials accommodates interlayer slip and dislocations.
Thus, a moiré-induced out-of-plane deformation can alter the dislocation description of tBLG
by accommodating dislocations other than the twist-induced screw dislocation and it is a
crucial consideration for our understanding of the interfacial mechanics of tBLG.

Previous studies on out-of-plane relaxation in tBLG were based on small out-of-plane
deformation, or breathing mode.'™3® In 2016, Dai et al. have demonstrated large out-of-
plane deformation, or bending mode deformation in tBLG with their continuum model and
characterized the dislocation in the bending mode as a mixed dislocation. A recent study
has also reported the impact of bending mode deformation on the electronic structure.?”
However, a comprehensive analysis of the dislocation mechanics of twisted bilayer graphene
with large out-of-plane deformation remains necessary. In this work, we present the evidence
of helical dislocations in twisted bilayer graphene related to large out-of-plane deformation in
the bending mode. From our atomistic calculations, we also find that the bending deformation
mode is more stable than the breathing mode below a certain threshold twist angle in tBLG.
We attribute this stability to a reduction of the interface energy, which exceeds the energy

penalty incurred by the strain energy associated with the large corrugation. Visualization of

the helical dislocation core in the SP region of the tBLG also reveals the presence of interlayer



slip due to the out-of-plane deformation. We also illustrate control over the corrugation
direction, indicating that the corrugation direction is dependent on the number of turns in
the helix of the helical dislocation. Our study provides the first report of the presence of a
helical dislocation in the tBLG moiré superlattice. Moreover, the low twist angle stability
regime of the bending mode tBLG, in which we observe the helical dislocation, makes it an
excellent candidate for further studies as unique electronic structure with exciting physics
appears in the low twist angle regime of tBLG.11:26:39-41

In our study, we only analyze the case of free-standing tBLG to avoid any ambiguity that
may arise due to substrate adhesion. Figure 1 illustrates three distinct types of corrugation
in free-standing twisted bilayer graphene of 1.08° twist angle, as determined by our atomistic
calculations (see Section 1 of the Supplementary Information for details). In the breathing
mode, atoms in the AA regions of the tBLG breathing mode deform in opposite out-of-
plane directions, with each layer exhibiting a corrugation magnitude of around 0.13 A. In
the bending mode, both layers of the tBLG deform in the same direction and each layer
has a corrugation magnitude of 2.3 A and 3.96 A for the bending mode (-/-) and (+/-)
cases respectively. This corrugation magnitude is determined by the difference between the
maximum and minimum of the z- coordinate in each layer of the tBLG. We observe two
possible cases of bending corrugation modes: bending mode (-/-) with both AA regions of
the tBLG superlattice deforming in the same direction, and bending mode (+/-) with the
two AA regions of the tBLG superlattice deforming in the opposite direction relative to
each other, as shown in Figure 1(a). Previously, breathing mode and bending mode (+/-)
tBLG were observed using a continuum-based model.2* We note that this large out-of-plane
deformation in the bending mode tBLG results in an additional radial stress in the AA
regions, as depicted in Figure 3 of Ref.* in the case of the bending mode (-/-).

The energy density distribution in Figure 1 (b) highlights the AA, AB/AC and SP re-
gions of the tBLG clearly. In the breathing mode tBLG, the SP region forms a triangular

dislocation network that consists of three partial screw dislocations.?>>?* The dislocation line
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Figure 1: Corrugation in free-standing twisted bilayer graphene (tBLG) of 1.08° twist angle.
(a) The 3D view of the atomic structure and the profile of the corrugation magnitude of each
layer of tBLG in the breathing mode and bending modes (-/- and +/-). Compared to the
bending mode cases, breathing mode tBLG shows much smaller out-of-plane displacement,
or corrugation. When both AA regions of the tBLG superlattice deform in the same/opposite
out-of-plane direction, we refer to the deformation as bending mode (-/-)/bending mode (+/-
). (b) The energy density distribution of the bottom layer of tBLG in the breathing mode
and bending modes (-/- and +/-). While the SP regions in the breathing mode tBLG
form straight screw dislocations, along the direction labeled ¢, the bending mode tBLG
shows kinked sinuous dislocations. The black lines highlight the SP regions in the different
corrugation modes. Here, we introduce a new coordinate system for the dislocation, where
p and r axes are orthonormal to the ¢ axis in the in-plane and out-of-plane directions.

Bending(+/-)

vector along the ¢ direction is parallel to the Burgers vector. The dislocation description
in the breathing mode tBLG has been described in the literature.”20:242%42 Previous stud-
ies?*43 have demonstrated that changing the dislocation character in vdW materials creates
a change in the topological feature of the material. Therefore, a dislocation description for
the bending mode tBLG needs proper analysis. In the bending mode of tBLG, the SP re-
gion deviates from the straight path, showing sinuous dislocation with wave-like features.
This dislocation arises from the topological features of the tBLG in the bending mode with

multiple peaks and valleys of out-of-plane deformation. A straight screw dislocation under



such large deformation would generate an unusually large interlayer shear stress.** 46 To
avoid this large stress, the interlayer dislocation in the bending mode tBLG deviates from a
straight line, resulting in a sinuous dislocation in the plane of the bilayer, and minimize the
total energy of the system.

Figure 2 (a) shows the energetic stability of both bending modes (-/-) and (+/-) of tBLG
compared to the breathing mode by plotting the potential energy per atom with respect to
AB stacked bilayer graphene of the same area. Both bending modes are found to have lower
energy than the breathing mode for twist angles below 1.7°, thus establishing the upper limit
of stability for bending modes. Additionally, there is very little difference in the potential
energy between the two bending modes, suggesting that they are energetically degenerate.

Despite the large out-of-plane deformation in the bending modes, the energetic stability
of the bending modes at low twist angle regime suggests that other effects contribute to
the energetics. For instance, the interaction energy between the dislocations which depend
on the dislocation density, may also have an important contribution to the energetics. The
dislocation density is a measure of dislocation line length per unit volume in a 3D crystalline
material. The 2D dislocation density in a tBLG moiré superlattice is dislocation line length
per unit area, or p ~ ﬁ, where a is the moiré period of the tBLG superlattice. This
relationship is derived in section 2 of the supplementary information. As twist angle decreases
in the tBLG superlattice, moiré period increases. Therefore, the dislocation density increases
with twist angle. In the high twist angle cases, there is significant interaction energy between
dislocations due to the increase in dislocation density. This interaction energy between
dislocations is also included in our calculation of the total energy. We separate the energetics

1'20

following Annevelink et al.“’ who have described the total energy of a bilayer graphene as —

Etotal = Etop + Ebottom + Einterface =u+. (1)

elastic elastic

The total energy FEjoq is the sum of the strain energy u and the interface energy . The



strain energy u is the combined elastic energy of both layers of tBLG (E7, ..+ E!m) which
includes the energy contained in the strain field of the dislocation E.;. The interface energy
~ includes the core energy of the dislocation E,,... So the total energy Fi.u accounts for the
dislocation energy, or the sum of the energy contained in the strain field of the dislocation
and the core of the dislocation. In our calculations, the strain energy u is defined as -

= (Bl (r10e0) — Bl (remretased)] o [Blptom gretased) — pleton (punrelased)] - (3)

relazed unrelazed

where, r and r are the coordinates of the relaxed and unrelaxed rigid tBLG
structures respectively. The interface energy originates due to the weak van der Waals
interaction between the layers, which is also represented by ~ in equation 1 and is found
simply by subtracting the strain energy from the total energy, v = Eypar — (ELP,,;, -+ EUMom).

The difference in the strain energy between the bending mode and breathing mode gives

us the energy penalty or saving due to the strain energy,which is calculated by -

Au = UBe — UBr, (3)

where, upg, and up, are the strain energy for bending and breathing mode tBLG respectively.
Similarly, we can also calculate the difference in the interface energy between bending and

breathing mode tBLG, or

Ay = YBe = VBrs (4)

where, vg. and 7g, are the interface energy for bending and breathing mode tBLG respec-
tively. In Figure 2 (b), we plot the energy penalty due to the strain and interface energy
in the bending mode relative to the breathing mode. We split the energy penalty into the
contributions due to in-plane (zy) and out-of-plane (z) deformations. The positive/negative

parts of the plot indicate the energy penalty/saving respectively. Figure 2(a) shows that



both bending modes are energetically degenerate, so we choose the case of bending mode
(-/-) for our analysis in Figure 2(b). We find that the strain energy always penalizes the
bending mode, as expected from the continuum description. On the other hand, the inter-
face energy contributes to the energy saving in the bending mode compared to the breathing
mode. Further examination reveals that the in-plane contribution to the interface energy
also penalizes the bending mode at twist angles larger than 1.7°. However, the out-of-plane
contribution of the interface energy always saves energy in the bending mode. The corruga-
tion of a tBLG bending mode stabilizes when the energy saving is greater than the energy

penalty, which occurs when the twist angle is less than 1.7°.
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Figure 2: Energetic comparison of the deformation modes in free-standing tBLG. (a) The
potential energy of the breathing and bending modes (-/- and +/-) of tBLG, with reference
to the AB bilayer graphene of the same area as a function of twist angle. This shows
the thermodynamic favorability of the bending mode below twist angle of approximately
1.7°. This also shows that both bending deformation modes (-/- and +/-) in tBLG are
energetically degenerate. (b) Energy penalty due to the change in strain energy (Au) and
interface energy (A7) in the bending mode as a function of twist angle. The positive part
of each bar indicates the energy penalty in bending mode tBLG relative to breathing mode
tBLG. The negative part of the plot indicates the energy saving in bending mode tBLG
relative to breathing mode tBLG. Both energy penalty and saving from the strain energy
and interface energy are split into in-plane (Au,, and Au,) and out-of-plane (A~,, and A~,)
contributions.
The dashed lines indicate the sum of the energy penalty and saving.
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Figure 3: Helical dislocations in twisted bilayer graphene (tBLG) in both bending modes
(-/- and +/-). A 3D view (Elevation angle =8° and azimuthal angle =20°) of the atomic
positions in the SP regions of the (a) bending mode (-/-) and (b) bending mode (+/-) tBLG
at twist angles 1.08° (Top panel) and 1.47° (Bottom panel). The colors red and blue indicate
the atoms in the top and bottom graphene layers respectively. The lines between the layers
of atoms indicate the position of the dislocation cores, and color intensity from light to dark
purple indicates the position variation along the length of the core along the g-direction, in
order to aid the 3D viewing of the helicity. The scale along the r-direction is exaggerated
to reveal the helical nature of the dislocation. Each helical dislocation can be understood to
be the sum of a screw dislocation and one or more edge dislocation loops,*” as illustrated in
the sketches below each panel.



To understand the energy savings in the bending mode resulting from the interfacial
energy, we examine the bending mode dislocation structure, as Figure 1 (b) has shown
distinct dislocation structures in the deformation modes. In Figure 3, a 3D view of the
atom positions in the SP region demonstrates a helical nature of the dislocation in both
bending modes. From the 2D view in Figure 1(b), it is impossible to appreciate the helical
nature of the dislocation, that has been analyzed as kinked /twisted dislocation so far.?*39
A helical dislocation is a type of mixed dislocation, comprised of a screw dislocation parallel
to the axis of the helix (in the ¢- direction) and multiple prismatic loops of edge dislocations
that have the same Burgers vector direction.*” 4 Until now, this type of helical dislocation
has only been observed in three-dimensional materials.** ®® In Figure 3, we demonstrate its
presence in two-dimensional twisted bilayer graphene. We also observe that the number of
turns in the helical dislocation is dependent upon the twist angle between the layers, as the
number of turns decrease with an increase in the twist angle. Furthermore, when the helical
dislocation connects AA regions with opposite corrugation direction, the dislocation consists
of n turns and therefore contains n edge loops. In contrast, when it connects the AA regions
with the same corrugation direction, it consist of (2n + 1)/2 turns and therefore contains
(2n+1)/2 edge loops, for all integers of n. This topological constraint in tBLG will be useful
in engineering the electronic structure of the twisted bilayer graphene system.

Figure 4 presents a more in-depth analysis of the helical dislocation structure in the
bending mode tBLG, showing the displacement associated with the edge dislocation loops.
In Figure 4(a) and (b), we plot the displacement of the atoms in the SP region of the
breathing and bending (-/-) modes along the ¢-direction with respect to the flat and rigid
tBLG structure. While the atoms of the SP region in the breathing mode show negligble
displacement along the ¢-direction, those in the bending mode show larger displacement.
The direction of the atom displacement is opposite for atoms that are directly on top of one
other. This indicates interlayer shear along the ¢-direction and results in an interlayer slip,

as demonstrated by the dashed and dotted boxes in Figure 4 (b). Such slip is absent in

10



(a) (c)

(b)

s . e ) AT T T e Te e T T T 1
oo ane” El—b - 1 I
r o - F Y - El o | 1 |
: 1

J—'q - — "ﬁ:_l.-' ...’..'Ql 1 ® o'e ° |
. LR He— — 1 ® 1

llllllllllll M ——— I
. b o o o e e o e e e - - '
. e) grgrT s ———————————

R |

[} PN ) [}
LA R STLALLLITON greeeee
2oy, .,.".J'.

r st .-f; ..':0'.' . :
-I—vp 0.07 A NN N -0.07 A L ;

Displacement along g direction

Figure 4: Ilustration of the interlayer slip in the helical dislocation of tBLG. The displace-
ment of atoms in the SP region along the ¢- direction for both (a) breathing mode and (b)
bending mode (-/-) tBLG with respect to the unrelaxed rigid tBLG structure. The breathing
mode tBLG shows negligible displacement along the ¢-direction compared to bending mode
tBLG. Moreover, the bending mode tBLG shows opposite displacement directions in the
atoms that are on top of one other, illustrating the presence of interlayer slip which forms
the edge dislocation loops. In the case shown here, the atoms with positive and negative dis-
placements form two-and-a-half loops each, as shown in the three sections of the dislocation.
The sketches on the right represent atoms in the SP region within the (c) solid, (d) dashed
and (e) dotted boxes, illustrating no-slip condition in the breathing mode and presence of slip
in the bending modes. The sign of the edge dislocation changes as the corrugation direction
changes.

breathing mode tBLG, as illustrated in the sketch in Figure 4 (c). Each interlayer slip in
the SP region is associated with a dislocation loop of edge type, which has a different sign
depending on the corrugation direction. These are depicted in the sketches in Figure 4 (d)
and (e) to illustrate the presence of the edge dislocation in the dashed and dotted boxes of
Figure 4 (b). The energetic barrier for slip in bilayer graphene is low compared to the bulk
materials due to the van der Waals interaction.'® 61 Recent experiments and theoretical

calculations have demonstrated that below a critical bending angle, bending of multilayer

van der Waals materials introduces a geometrically necessary dislocation.?®37 Similarly, the
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rotation between the layers in tBLG structure introduces a geometrically necessary interlayer
screw dislocations. Our study reveals that adding dislocation loops of edge type to the twist-
induced screw dislocation network forms a helical dislocation network of mixed character,
resulting in an elastic deformation field with large out-of-plane deformation. The addition
of edge dislocation loops incurs an energetic cost; however, as the twist angle decreases and
the size of the moiré superlattice increases, the interface energy of the system becomes large
enough to justify the energetic cost, as illustrated in Figure 2.

When we consider both graphene layers in tBLG, we find origins of the dislocations
loops in the atoms of positive and negative displacements, as illustrated in Figure 4 (b).
Each edge dislocation is composed of a half loop of atoms with positive displacement and
half a loop of atoms with negative displacement. In the bending mode (-/-) tBLG case, we
observe two-and-a-half loops of atoms with positive displacement and the same number of
loops of atoms with negative displacement, corresponding to the two-and-a-half turns of the
dislocation helix, as depicted in Figure 3 (a). The same interlayer slip and edge dislocation
loops are observed in the bending mode (4/-) case, which is illustrated in Figure S1 of the
supplementary information. In this case, there are two dislocation loops for the atoms with
positive and negative displacement, as there are two turns of the helical dislocation.

Our results have significant implications for the mechanical and electronic properties of
twisted bilayer graphene. Until now, the current understanding of dislocation structure in
tBLG has been based on the pure screw dislocation character that accompanies a small out-
of-plane deformation (breathing mode). However, we demonstrate that a helical dislocation
in tBLG results in an elastic deformation field with large out-of-plane deformation (consistent
with the known bending deformation mode), enabling 3D deformation in 2D materials. The
helical dislocation is formed by the combination of dislocation loops of edge character and
the twist-induced screw dislocation. We also show that below a transition twist angle, the
largely corrugated tBLG structure in the bending mode becomes energetically stable due

to the stress-relief caused by the interface energy. But we also note that transition twist
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angle and the large deformation are generally affected by thermal effects and presence

of a substrate.’ Furthermore, the energy barrier imposed in our calculation to obtain
bending modes tBLG is significantly smaller than the value of kT at room temperature.
Thus, increasing the temperature of a tBLG system may create thermal effects that can
overcome the energy barrier between the breathing and bending modes. The presence of
a substrate does not change the transition twist angle, but does reduce the out-of-plane
deformation magnitude in tBLG, as reported in our recent work.®® Our recent work®® has
also demonstrated that such large corrugation in tBLG explains the presence of several
electronic effects at the single particle level, such as symmetry breaking and pseudogap
states, which can not be explained by small corrugation. Our new findings indicate that the

large corrugation in tBLG is driven by the elastic deformation field of the helical dislocation.

This suggests a link between the helical dislocation and the emergence of exciting electronic

1 10,40

properties in tBLG such as unconventional superconductivity,!' electron correlations,

and ferromagnetism.?”
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