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In this paper a two dimensional phase field crystal model of graphene and hexagonal boron nitride
(hBN) is extended to include out of plane deformations in stacked multi-layer systems. As proof
of principle the model is shown analytically to reduce to standard models of flexible sheets in the
small deformation limit. Applications to strained sheets, dislocation dipoles and grain boundaries
are used to validate the behavior of a single flexible graphene layer. For the multi-layer systems,
parameters are obtained to match existing theoretical density functional theory calculations for
graphene/graphene, hBN/hBN and graphene/hBN bilayers. More precisely it is shown that the
parameters can be chosen to closely match the stacking energies and layer spacing calculated by
Zhou et al. [1]. Further validation of the model is presented in a study of rotated graphene bilayers
and stacking boundaries. The flexibility of the model is illustrated by simulations that highlight the
impact of a complex microstructures in one layer on the other layer in a graphene/graphene bilayer.

I. INTRODUCTION

size. Naturally, similar changes in material proper-

The properties of materials that can exist as stable
two-dimensional (2D) layers and stacks of such layers
has been of great interest due to their unusual prop-
erties and possible technological applications [2] 3].
Much of the initial interest has focused on graphene,
but has now been extended to other interesting sys-
tems such as hexagonal boron nitride (hBN) and
various transition metal dichalcogenides (TMDs) in-
cluding MoSs, MoSes and WSe,. Example applica-
tions include photodetectors [4, 5], catalysis [6] and
solar energy absorption [7]. One difficulty in using
these materials is the ability to grow large defect-
free structures as it is well known that topological
defects (dislocations, grain boundaries, domain-wall
solitons and triple junctions) or phase interfaces can
strongly impact electronic, mechanical, thermal and
other properties in three dimensional (3D) materials.
For example, in polycrystals the magnetic coercivity
[BHTT] and yield strength [I2HI7] vary by many or-
ders of magnitude with changes in the average grain

ties can occur in 2D materials as has been observed
in the thermal conductivity of graphene [I8H20] and
hBN [2I] and in the electronic properties of TMDs
22, 23]

The purpose of this work is to develop a computa-
tional efficient method for studying the mechanical
properties of such 2D materials and stacks of them
using the phase field crystal (PFC) approach. The
model presented incorporates out of plane deforma-
tions of each individual layer, coupling between the
layers and elastic and plastic deformations within
each plane. For this purpose the PFC approach [24-
20] is used as it has already been developed for in-
plane graphene [27] and hBN [28] 29] models and has
been used to study defected structures such as grain
boundaries, triple junctions and polycrystals. These
prior publications provide extensive evidence that
the models reproduce various experimental and nu-
merical results such as the structure of dislocations
and the non-monotomic change in grain boundaries
with misorientation [27) B0, [31]. While atomistic



methods such as molecular dynamics (MD) and den-
sity functional theory (DFT) can give great insights
into such systems, it is extremely difficult to use
them on the time and length scales relevant for many
phenomena. It possible to exploit PFC type models
as initial conditions for MD and DFT calculations
to significantly reduce relaxation times. Such an ap-
proach has been used for MD studies of thermal con-
ductivity in graphene and hBN [I8-21] and MD and
DFT studies of grain boundaries, triple junctions
and polycrystals in graphene [27, [32], B3]. However,
compared to atomistic approaches the PFC model-
ing can address much larger length and time scales.

In order to incorporate out-of-plane deformation
in 2D PFC models another field, the height (h(z,y)),
will be introduced to account for small out-of-plane
deformations. In this work the Monge gauge is as-
sumed, i.e., h is a single-valued function. This is in
contrast to more sophisticated finite-element meth-
ods that allow for more complex three-dimensional
shapes as in for example, the modeling of phase sepa-
ration in multicomponent lipid bilayers [34] [35] and
more relevantly in the PFC model for deformable
spheres [36, [37]. While the use of a single-valued
h field does limit the applicability of the model,
it reduces the mathematical complexity and corre-
spondingly increases the computational speed. As
will be shown in Sec. [l the mathematical form of
the model is such that Fourier methods can be used
which enhances the speed of calculations. To vali-
date the model, it is shown analytically to reduce to
traditional continuum models used to study flexible
sheets [38] [39] and graphene [40] in the small defor-
mation limit. Furthermore, in the numerical studies
of strained sheets, 5/7 dislocation dipoles and grain
boundaries are shown to reproduce analytic results
and MD or DFT calculations in subsection

These calculations are followed by a section
devoted to stacks of 2D layers, with particular
emphasis on graphene/graphene, hBN/hBN and
graphene/hBN flexible bilayers. The individual lay-
ers are characterized by the graphene and hBN mod-
els developed in prior work [27H29] [32], B3] extended
to incorporate out-of-plane deformations. A rela-
tively simple coupling between the planes is intro-
duced to match the stacking energies and distances
between layers to those calculated in prior DFT cal-
culations by Zhou et al. [I] as a continuous function
of the stacking orientation. The end result of this
work is the development of continuum models for

large scale systems incorporating elasticity and plas-
ticity. The models are parametrized for graphene,
hBN and their bilayers.

The paper is organized as follows. Section [I]
first introduces a 2D PFC model that allows for
out of plane deformations and subsection [[TA] shows
that in the limit of small deformations it reduces
to standard models of deformations in 2D sheets.
Following this are applications to strained sheets,
dislocation dipoles and grain boundaries. In Sec.
modeling of the coupling of multiple 2D lay-
ers is discussed in general and then applications to
graphene/graphene hBN/hBN and graphene/hBN
bilayers are presented. Parameters introduced in
these models are fit to DFT calculations of Zhou et
al. [I]. Sample applications to twisted bilayers and
the influence of a defected layer on another layer are
also presented for graphene/graphene system in this
section. This is followed by a discussion of the re-
sults and conclusions in Sec. [Vl

II. MODEL OF A FLEXIBLE 2D SHEET
WITH CRYSTAL STRUCTURE.

The free energy functional in the original PFC
[24H26] (or conserved Swift-Hohenberg [41]) model,
Fn, can be written as,

Fn _|AB ,  B" 2, T 3,V 4
— = —n+ — +-n’+ - 1
¢ /dr{ Bk 5 (Ln) TR (1)

where £ is the operator 1 + Viyz. Viyz is the tra-
ditional Lapacian in Cartesian coordinates and c,
sets the energy scale. For certain parameters this
free energy is minimized by a hexagonal (triangu-
lar) lattice for 7 > 0 (7 < 0) in 2D and a BCC
lattice in three dimensions. More complex forms of
the operator £ have been proposed for other crystal
symmetries such as all five 2D Bravais lattices [42],
chiral lattices [43], quasicrystals [44] 45] in 2D and
FCC, and simple cubic and diamond lattices [46H49]
in 3D. For the purposes of this work the simple free
energy given in Eq. will be used as the starting
point.

Consider a flexible 2D sheet parameterized by the
Cartesian coordinates (z,y) with height h(x,y) de-
noting deviations from the (z,y) plane, which is
assumed to be single valued, i.e., a Monge gauge
is employed. Transforming from the Cartesian co-
ordinates ¥ = (z,y,z) to the sheet coordinates



W = (z,y, h(x,y)) leads to integration in the sheet’s
plane of the form [ dr — [ dFJ, where J is the Ja-
cobian determinant of the transformation and now
dr' = dx dy. This implies that the total density dif-
ference of the system is

ntot:/dFJn, (2)

and as such it is convenient to introduce an in plane
density np, such that

np = Jn, (3)

with corresponding conservation law 0y f drny, = 0.
The free energy functional then becomes,

/d‘][AzBZZ 2 (ﬁ 7)

+1@+3%+ 5 (V2h )} (4)

3J3 4 J4
where £,, =1+ V2 and V2 is the Laplacian in the
W coordinates as described in App. (A]). The last
term has been added to include bending energy and
the parameter x is the bending energy coefficient.
It is assumed that the dynamics are dissipative and
driven to minimize the total free energy functional
such that the dynamics for n;, are conservative, i.e.,

6nh
e My, V2 pi, (5)
and non-conserved for h of the form,
oh
— =M, 6

where M,,, and M), are phenomenological constants
and

_ O0Fy
:unh = 6nh (7)
and
_O0Fy,
P = 5 (8)

To simplify calculations it will be assumed that
gradients in h are small and the Laplacian operator

can be approximated as (see Eqns. (A5)) and (A6]) )
Ve, ~ V2, — (h307 + hi0; + 2hyhy0.0,), (9)

where h, = 0h/dz and h, = 0h/dy. To further
simplify the model, it will be assumed that h varies

on length scales much longer than the atomic spac-
ing such that VZny,/J ~ (VZny)/J. Finally all
J-factors will be expanded to lowest order to obtain
the final simplified free energy functional,

ﬂz/dr {ABniJrB (Lonn)®
Cy 2
+3nh + 4nh+ (V2 ) ] (10)

One difficulty concerning Eq. (10]) is the assump-
tion that A varies on much larger lengths than ny.
Considering that the free energy contains a term
o (V2h)? it might be assumed that this would
be enough to suppress fluctuations of A on atomic
scales. Test simulations reveal the possibility of nu-
merical instabilities at small length scales, however.
To ensure that such fluctuations are explicitly sup-
pressed the bending energy term will be replaced by
the contribution,

Fy = g//dFdF’O( P — P Dh(PRFE') (1)
where, C' can be written in Fourier space as

kY k< kmaxs
Clk) = { Cones b > Ko, (12)

where kna.x and Chax can be tuned to eliminate
small scale fluctuations. Equation typically se-
lects patterns with wave vector k ~ 1, s0 kpax < 1.
To summarize, the final proposed free energy density

is
.7: AB B®
/dr {n% + — 5 (Ewnh)Q + gn%

qui 5 [ areqr - hr@n |3

Equations , @ and complete the model. Ex-
pressions for the functional derivatives that enter the
equations of motion are given in App. (B].

A. Amplitude expansion and small
deformation limits

In 2D the amplitude expansion as exposed by
Goldenfeld et al. and others [50H54] is obtained by
writing the density, ny, in terms of complex ampli-
tude, ny, i.e.,

np = ng + anleiékl'F + C.C. (14)
kl



where C.C. stands for complex conjugate, Gu =
k@ + g2, (k,1) are the Miller indices and (41, ¢2)
are the principle reciprocal lattice vectors and ng is
the average of ny. It is assumed that the amplitudes
vary on length scales much larger than the atomic
spacing ~ 21/|Go1|. For a honeycomb (or triangu-
lar) lattice the principle reciprocal lattice vectors are
71 = qo(—V/3/2,—1/2) and ¢ = ¢o(0,1), where qq is
the equilibrium wave vector and a lattice constant
az = 47/(v/3qo). The minimal set of modes needed
to construct the lattice are élo, Go1 and éii, where
k = —k, etc.. For the free energy functional given
in Eq. in this lowest order mode expansion,
go = 1. As discussed previously the variable h is
also assumed to be varying on such length scales.
While the amplitudes generated from the polyno-
mial terms in the free energy have been published
in many papers [50H54] (and for other symmetries
[55]), the term (£,n)? has not been considered.
Assuming h and 7 are slow variables it is
straightforward to show that this transforms as

[artean? =23 [ar (- ie..
kl

+(1 = h2)Lyy — 2hghy Ly,
—(haGa)? = (hyG}y)? = hahy GZGYy) il (15)

where Lgp = 0,0y + 1G§,04 + iGzlab.
In the small deformation limit the complex ampli-
tudes can be written,

Mkl = ¢€7iék""ﬁ (16)

where # is the displacement vector that enters con-
tinuum elasticity theory. To lowest order ¢ is ap-
proximately constant and can be determined by min-
imizing the free energy functional in the limit & = 0
with respect to ¢ and gives

b= 3nov + 7 + /72 — 15ABv — 4ngu(67 + Ingv)

15v
(17)

In the limit of small deformations (i.e., small gradi-
ents in the displacement and height fields), the elas-
tic portion of the free energy is,

Felas - 9
Jelas _ /dr [(2 (U2, +Ug,) + 30Uy

Cg
K
+6U2,) B*¢ + 5|v2h|2) . (18)

where the strain tensors, U;; are given as,
1
Ui‘ = 5 (8jui + 81'Uj + hzh]) (19)

Equation along with the strains defined by
Eq. are consistent with free energy functionals
used to study graphene sheets [38] and other flexible
sheets [40]. Thus it is apparent that in the small de-
formation limit the model reduces to a well-known
result. While this particular calculation was done for
hexagonal (or triangular) symmetry, which is elasti-
cally isotropic, it could be repeated for other sym-
metries (square, rectangular, etc.) and the resulting
free energy would respect that symmetry.

B. Applications

In the following sections several applications
will be considered to validate the model and il-
lustrate how it can be used to consider com-
plex physical microstructure such as dislocation
dipoles and grain boundaries. In all cases the in
plane parameters used in Hirvonen et al. [27] for
graphene (referred to as PFC1 in that work) will be
used. The parameter set is (cg, AB, B*,T,v,n9) =
(6.58eV, —0.15,1,0.5/,/0.98/3,1,0) and gives rise
to equilibrium periodic structures with maxima in
n forming a hexagonal lattice as depicted in Fig.
These parameters give very good agreement with
2D molecular dynamics (MD) calculations using an
ATREBO potential for low angle grain boundary and
polycrystal energies, but somewhat larger difference
for high angle grain boundary energies. In addi-
tion this parameter set and model was shown [27] to
reproduce the same 5/7 defect structures observed
commonly in experiments and other simulations.

1. Strained Sheet

One simple analytic calculation that can be ex-
amined is that of a compressed sheet. Consider a
sheet with an initial strain, e, in the y direction in
a periodic system. In this instance the sheet should
buckle to reduce the compression. For large values
of k, h will be roughly sinusoidal, i.e., for a system
of size L,

h(y) = H cos(Qy), (20)
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FIG. 1. Hexagonal geometry. For graphene a, =~ 2.56
A, while in dimensionless units the PFC model gives
az ~ 4m/+/3. The red (blue) lines illustrate zig-zag (arm-
chair) directions.

where Q = 27/L,. Minimizing Fs (i.e., Eq.
with respect to Uy, subject to the boundary condi-
tions u,(y = 0) and u,(y = L) = €L gives,

uy(y) = ey + H*Qsin(2Qy)/8 (21)

Equation can be substituted into Eq. to
obtain the free energy per unit length,

F. 1/1
%ZS =ae® + 3 (211622 + ae) (QH)?
@
—(QH)* 22
+(QH) (22
where o = 9B%¢? /2. Minimizing with respect to H
gives
2e K
H?>= 2= +-). 23
(55+%) (23)
Substitution of Eq. into Eq. gives
Felas 2 HQQ
—_— = — . 24
Le, R\ et 4o (24)

This gives a critical value of k, k¢, for which no out
of plane deformation will take place of,

2a
Re = —@E. (25)
The above results imply that a solution only exists
for a compressive stress, i.e., if € < 0, as expected.

To test these predictions with the full model, sim-
ulations were conducted in a periodic domain using
semi-implicit spectral methods [56] with a mesh size
Az ~ Ay = 0.48. The exact values were chosen
to perfectly fit the periodic lattice in the simulation
box. Simulations were constructed for a compressed
sheet with an initial strain of € = (ag — deq)/Geq =
—0.0219. The height of the layer, H, as defined by
Eq. was measured as a function of k¥ and com-
pared with Eq. . This comparison is shown in
Fig. As can be seen in this figure the numerical
results are quite close to the theoretical prediction,
but there are some deviations. These deviations are
likely be due to using a lowest order mode approxi-
mation in Eq. . It is interesting to note that if
the magnitude ¢ is taken as an adjustable parameter
the fits become very good as shown in Fig.
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FIG. 2. In a) and b) the maximum height H and free
energy difference of the buckled sheet are shown as func-
tion of the bending energy coefficient x, respectively.
The blue points correspond to the numerical simulations.
The dashed black line corresponds to predictions from
Egs. and using the approximate analytic form
for ¢ given by Eq. . The dashed red line corresponds
to Eq. using a ¢ that is 1.031 times that given in

Eq. .

2. Dislocation Dipole in Graphene

Dislocations play a key role in determining ma-
terial properties and grain boundary structures [I8],
20, 32]. In graphene the dislocations often form a
Stone-Wales defect which is comprised of a a 5/7
pair of rings instead of the 6 ring equilibrium honey-
comb structure that is illustrated in Fig. These
defects create long-range elastic fields that can be
significantly reduced in 2D materials by out of plane



deformations. To examine this phenomena it is use-
ful to first consider the case of a flat sheet (i.e., con-
stant h). A honeycomb lattice is elastically isotropic
and the displacement (&) and stress (&) fields due to
an edge dislocation can be determined using classi-
cal elasticity theory (see for example Chaikin and

Lubensky [67] chapter 9 section 3). The result is

uz = b(0 + sin(20)/3) /2m;
uy = —b (In(r)/3 + cos(20)/3) /2m;
Oxe = —Dsin(6)(2 + cos(20))/r;
oyy = Dsin(0) cos(20) /7;
0zy = D cos(8) cos(26)/r, (26)

where for Eq. D = 2bcy B*¢?/7 and b is the
magnitude of the Burgers vector which is b = a, for
an edge dislocation. Integrating the free energy over
6 = 0,27 and r = a,, L gives the elastic energy of a
dislocation, F§i%,
elas 2 px 42
Fad _VB%07 ), L (27)
Cg T Qg

For a dislocation pair the elastic energy would be ap-
proximately twice this value when far enough apart.

To examine the influence of out-of-plane deforma-
tions, simulations of a dislocation dipole were un-
dertaken using the same parameters as the previ-
ous section. For these simulations a system of size
(Lg, Ly) was considered such that L, = (N+1/2)a,,
L, = May, L,/Ax = L,/Ay with N and M inte-
gers, a, and a, the equilibrium lattice constants in
the z and y directions (i.e., a, = v/3a,) respectively.
To create the pair, in the middle (top/bottom) half
of the simulation a* = L,/N (al, = L./(N + 1))
implying N (N + 1) rows of atoms in the middle
(top/bottom). This configuration includes a net
bulk strain that goes to zero as N — co. Mesh sizes
(Az, Ay) ~ (0.48,0.48) were chosen to be exactly
compatible with the period boundary conditions in
both directions. The bulk strain is

a™t — a, 1

gm,t - s - i2N7 (28)
where the + (—) sign corresponds to the middle
(top/bottom) layer. To measure the energy of the
defect pair the energy of the bulk strained state was
first determined by averaging the corresponding free
energy density, fi (f;) for N (N+1) rows. This bulk
energy scales as ~ 1/(2N)? since the strain energy
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FIG. 3. Free energy density difference between strained
and unstrained states as a function of system size. The
slope of the best fit line (dashed line) is 1.96.

scales as the square of the strain. This is illustrated
in Fig. [3] The free energy of the dislocation dipole,
F4 was then taken as the total free energy minus the
energy of the strained state, i.e.,

Fa=Fou= "5t £ (29)

Numerical simulations were conducted for the flat
case (k — o0), for k = kg, and k = 4k, where kg
was chosen to match that used in a recent study of
graphene bilayers by Dai et al. [58], cgrg = 1.38 eV
which was used by Chen and Chrzan [59] in their
continuum simulations of dislocations in graphene.
Systems sizes ranged from smallest containing only
43 unit cells up to the largest of approximately
45,000 unit cells. The fields n and h were evolved
via Eqgs. and @ until the free energy per unit
area was constant. In principle the dynamics should
lead to the annihilation of the defect pair if the sys-
tem size is too small, however the symmetry of the
initial condition avoids this result.

To compare Eq. with numerically simulated
results for A = 0 it is useful to note that for the con-
tinuum result, 0,4(0,y) = 0yy(0,y) = —0gy(2,0) =
—D/r for (x,y) > 0 and D/r for (z,y) < 0. To make
a comparison of the numerical results from the PFC
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FIG. 4. Comparison of simulated stress fields (red, blue
and green) with continuum (black) results, i.e., Eq.
close to the dislocation core for a flat sheet.

model with the analytic calculations, the stress fields
must be calculated from the numerically obtained
density deviations, n. The method to achieve this
follows that of Refs. [60H62] as discussed in App.
It should be noted that the continuum mechan-
ics result diverges at the dislocation core, while the
PFC result naturally regularizes the core leading to
only finite stresses as discussed in prior work [62], 63].
The comparison is given in Fig. [d] which shows very
good agreement for distances several atomic spacing
away from the dislocation core for a system contain-
ing approximately 45, 000 unit cells.

When £ is finite the height, h, of the film can vary
to reduce the stress in compressed regions. Portions
of a sample simulation are shown in Fig. [5] for the
fields np, h, h, and h, centered around one of the
two 5/7 dislocation cores. As can be seen in this
figure h, and h, are close to zero above the core
and vary considerably below or near the dislocation
core. This is due to the fact that the strain is tensile
above and compressive below.

For a more detailed comparison Fig. [6] shows the
stress fields for a portion of a system of total size
(70a, x 40ay) for k = oo (i.e., h = 0), the contin-
uum result Egs. and for k = Kkg. Similar to
Fig. [ there is close agreement between the contin-
uum and simulated results for h = 0 except close

FIG. 5. Portion (13.3a; x 13.3a,) of sample the field
h and it’s gradients around one of the dislocations for a
system contained 2, 800 unit cells. In a), b), ¢) and d) nn,
h h, and hy are shown for Kk = kg. In each figure black
dots are placed at maxima of n and bonds for the 5/7
Stone-Wales defect are drawn in white. In ¢) and d) the
colour scale is such that red, green and blue correspond
to hy = 0.5,0 and —0.5 respectively and similarly for h,.

to the dislocation core. The figure also indicates a
large reduction in the stress fields for k = kg as ex-
pected. A further comparison of 6,4(0,y), 0yy(0,7)
and o4y(2,0) is shown in Fig. [7] for this system
size. This figure demonstrates a dramatic reduction
in compressive stress (.i.e., 0; < 0) and relatively
little for tensile stress (i.e., o;; > 0) as out of plane
deformations cannot reduce tensile stress.

Finally, the total free energy of the of the disloca-
tion pairs was measured as function of system size
for Kk = 00,4kg and kg as shown in Fig. The
results for the flat sheet (k = co) are in close agree-
ment with the continuum prediction, i.e., twice Eq.
The figure also shows a large reduction in en-
ergy as k is decreased from oo to 4kg to Kg. It is
interesting to note that the results for kK = co imply
that the energy of a dislocation pair becomes infinite
as L — oco. In contrast the pair free energy seems
start to level off or saturate for large system sizes
if buckling is allowed. Empirically such an Fj,ai; for
Kk = kg fits the line Fpay = [13.6 — 19.0(aq/L)"/?]



FIG. 6. Portion (35a, x 35a;) of sample stress fields
around one of the dislocations for a system of size (size
(1024Az x 1024Ay). In a), b) and ¢) 0se, oyy and ozy
are shown for a flat (h = 0) layer. In d), e) and f) the
strain fields are shown for the continuum predictions, Eq.
(26) and in g), h) and i) the fields are shown for kK = kg.
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FIG. 7. Comparison of simulated stress fields with con-
tinuum mechanics prediction (dashed black line) and
k = oo (black line), 4k (red line) and kg (blue line).
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FIG. 8. Free energy of dislocation dipole as a function of
system size. In this figure the points are the numerical
results and the black dashed line is the continuum elas-
ticity result, twice that in Eq. . The red and blue
dashed lines are guides to the eye.

eV which gives a pair energy in the limit of infinite
system size of 13.6 eV. This implies that the energy
of a 5/7 dislocation in graphene is approximately
6.8 eV. The change from logarithmic (k = o0) to
saturation (finite k) as a function of system size is
consistent with the continuum calculations of Seung
and Nelson [39] and Chen and Chrzan [59]. In the
latter article molecular dynamics simulations were
also conducted using a REBO potential [64] which
also gave similar behavior. The magnitude of the
5/7 defect dislocation energy is similar to values ob-
tained by Chen and Chrzan [59] (6.17 eV), Yazyev
and Louie [30] using ab initio calculations (7.5 eV)
and from molecular dynamics simulations using a
ATREBO potential [65] from Liu and Yakobson [66]
(5.0 eV).

3. Grain Boundary Energy

In this section the role of out of plane deformation
on symmetric tilt grain boundary energies is exam-
ined in a simulation box of size L, x L,. A grain is
set up by rotating the top half of the simulation box
by an angle # and the bottom half by —6 to create a
symmetric tilt boundary with net difference rotation
angle of 26. The system size is chosen to fit perfectly



in the x direction. Periodic boundary conditions are
used in the z and y directions. To have perfect peri-
odicity in the z-direction for the zig-zag orientation
system size must satisfy the condition

L7 = a,/3(1+1/2)2 + (k+1/2)2,  (30)

for a rotation angle of

3(1+1/2
07 = arctan (W) , (31)
where k and [ are integers as illustrate in Fig. [0]a).
Another choice is given for the n,m pairs as also
shown in this |§|(b) For the armchair orientation the

system size in the x-direction is given by
Lo = a,/3(k+1/2)2 + (1+1/2)2,  (32)

for a rotation angle of

(33)

V3(k+1/2)

where k and [ are integers as illustrated in Fig. [0]a).
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FIG. 9. Illustration of possible rotations for zig-zag (a)
and armchair (b) orientations.

The grain boundary energy per unit length, v, is
defined to be

7= (Fap — Feq)/(2L) (34)

where Fggp, Foq and L are the energy of the system
containing a grain boundary, the energy of a perfect
crystal and the length of the boundary, respectively.
It should be noted that the periodic box contains
two grain boundaries which explains the factor of
2 in the denominator. The grain boundary energy
as function of angle is shown in Fig. [I0] As can be
seen from this figure out of plane deformations allow
the system to somewhat lower the grain boundary
energies but less than what has been observed in
low temperature MD simulations [27].
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T
1

Grain boundary energy, y(eV/A)
o IS
T T
| |

0 L L L | L L s | L L L
0 20 40 60

Tilt angle, 28(degrees)

FIG. 10. Grain boundary energy for k = co (black) and
Kk = kg (blue).

IIT. MULTIPLE LAYERS

The purpose of this section is to illustrate how
multiple layers can be modeled and parameterized
to match the stacking energies and heights as a func-
tion of stacking position. In absence of experimental
data it is not obvious what the energies and heights
should be matched to, since DFT data depend on
the specific type of DFT model and are done at zero
temperature, while the MD data depend on level of
approximation of the potentials developed. As illus-
trated by Zhou et al. [I] different DFT calculations
can differ by 10% or more in stacking heights and
up to 30% in stacking energy densities. With this
in mind the fitting will be done using a one-mode
approximation for the density field which allows for
analytical results. This fitting will highlight how the
PFC model presented in this section can be fitted
quite close to a given DFT calculation. If an more
accurate fit were deemed important it would be use-
ful to go beyond a one-mode approximation, which
may require numerical work.

To model multiple layers it is assumed that each
individual layer has a free energy of the form given
in Eq. such that the parameters that enter are
determined by the make-up of the i*" layer. In ad-
dition to this, a coupling between nearest layers is
added for N layers with densities n; and heights h;



of the form,
Fe = Fyg + Fap (35)

where Fy and Fap correspond to energies associated
with stacking and height between layers, which in
the simplest cases can be approximated as,

Fy= Y. / A Vijon;on;, (36)

i=1,7>1

and

Fan= Y / difay (Ahy; — ARY)?. (37)

1=1,7>1

where on; = n; — n; and n; is the average of n;.
Here V;; determines the stacking energy of the lay-

ers, Ah; is the reference distance between the ith

and j'" layers and ay controls the energy cost for
deviations from the equilibrium layer spacings. Of
course (as discussed in subsections and
the coupling is more complex when an individual
layer is made up of more than one element. In princi-
ple a more complex form could be used, which would
be particularly important if the layers were to be
ripped apart (note in this parabolic approximation
that energy is infinite). This particular form is only
valid for small deviations from the equilibrium posi-
tion.

The work of Zhou et al. [I] will be used to de-
termine the parameters that enter F.. In this
work the researchers considered four specific meth-
ods that rely on density functional theory (DFT)
and various corrections. These methods are given
the names, DFT-D2, vdW-DF2, MGGA-MS2 and
ACFDT-RPA whose details can be found in Ref.
[[l. The conclusions of this detailed study was
that the computationally expensive ACFDT-RPA
method was deemed the best in reproducing vari-
ous material properties. For this reason the param-
eters that enter F. will be chosen to best match the
ACFDT-RPA results. To illustrate this approach
graphene/graphene, hBN/hBN and graphene/hBN
bilayers will be consider in the following subsections.

A. Monatomic/monatomic bilayer
(graphene/graphene)

In this subsection the graphene/graphene bilayer
system is considered. Graphene forms a hexagonal
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lattice as illustrated in Fig. |I] where nearest neigh-
bour atoms are a distance a apart. In this system
the coupling of the layer can be accounted for by a
stacking free energy of the form,

Fy =V, /df'énldng, (38)
and a spacing free energy of
Fap = ag/dF(Ah — AR (39)
where
ALY = A(1 + adnidny), (40)

where h; (hg) are heights of the layers, Ah = ho—hy,
and AR? is the reference distance between the two
layers. In order to parameterize this model, Vj, a2,
A and a must be determined. As discussed above
these parameters will be chosen to best match the
prediction of the ACFDT-RPA calculations of Zhou
et al. [1].

To make a connection with the PFC type model
presented in this work, it is useful to consider a
one mode expansion of the PFC model, which for
graphene takes the form,

m=mn -6 [6 4 00]
kl

No = Ng — ¢Z {eiékl‘(ﬁi_ﬁ’—‘rag) + CC:| R (41)
kl

where G = k@i + 1@, @1 = —(V33,9)/2, @2 = §
and k and [ are the Miller indices and take on inte-
ger values. For ¢ > 0 Eq. leads to a hexagonal
lattice structure. For 7y = 0 the stacking is AB. Set-
ting 7 = (0, y0) and increasing yo takes the system
through various stackings as depicted in Fig.

The energy of separation between the layers is
given in Eq. , using Eq. for ARY. Inte-
grating over a unit cell and minimizing with respect
to Ah gives a separation distance (Ah®?) of

V3
+6sin(yo/2)(1 — cos(yo/2)) — V3] ), (42)

AR — A(l -« [2\/3008(];0/2)(1 + cos(y0/2))

and matching to Zhou et al. [I] gives A = 3.56 A
and a = 0.26. A can be converted to dimensionless
units (Aq) by noting that in graphene a, = 2.56
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FIG. 11. Stacking for graphene/graphene bilayer using
the notation of Zhuo et al. [1]

A, while in the one mode PFC model a, = 47r/\/§.
This gives Aq = 10.08. The contribution to the free
energy at h = heq s,

Fan/A = das A ¢*a? (8 cos(yo/2)* — cos(yo/2)*
—7cos(yo/2) + V3sin(yo/2)(cos(yo/2) — 1)
+9). (43)

A comparison of Eq. (labeled PFC 1st order in
the figures) with the calculations of Zhou et al. [1] is
shown in Fig. In doing the matching it was not
possible to exactly fit to the ACFDT-RPA calcula-
tions as the PFC model tended to overestimate the
AA and underestimate the SP spacing. Neverthe-
less, considering the deviations of the different DFT
calculations, the fit is quite good. It is possible to
get a better fit by introducing higher order terms in
AR® that enter Fap. For example, if the following
is used

Aho = A[l + Oé(Snl(STLQ + B((Snléng)z], (44)
then matching the Ah that minimizes the free energy
to the height at AB (hap ~ 3.39 A), SP (hgp ~ 3.43
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A) and AA (hap ~ 3.62) stackings gives,

1 B
A = TS (hAA + 45hsp — 28hAB) = 350,A

o= 19haa + 45hgp — 64hap
o 12¢2<hAA + 45hgp — 28hAB)

5= haa — hsp + 8hap
12¢2(hAA + 45hgp — 28haB)

using the PFC model parameters for graphene. This
second-order fit is also shown in Fig. [I2] and gives
very good agreement with the ACFDT-RPA data.
Also included in this figure is a result obtained from
a numerical calculation in which the AB state is first
relaxed using the PFC 1st order parameters and then
shifted to other stackings and the height is left to
relax. It should be noted that if the density is al-
lowed to relax it will lead the system to fall into the
lower energy AB state, except exactly at the SP or
AA state in which long lived states can exist due to
symmetry. As seen in Fig. the numerical results
are quite close the theoretical ones.

= 0.269;

= —0.187,
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FIG. 12. Equilibrium height as a function of stacking lo-
cation for graphene/graphene bilayer, for the PFC model
and various DFT calculations of Zhou et al. [I]. The
solid purple and dashed cyan lines correspond to PFC
Ist (i.e., Eq. (42)) and 2nd (i.e., Eq. (44)) respectively.

To estimate the constant as, consider the effective
coupling introduced by Zhou et al. [1], i.e.,

4
I'= Ae_ah - B (Cif) + Yeoh (45)



where

C++/C+ 6drodi Ay

“=- 8d, Ay ’

A 4 Ayede :
4 — Ozdg
OzdgA’)/

B= 46
yp—— (46)

¢ = [Kod? — 20A~] and Ay = v — Yeon, and dy is the
layer spacing. Expanding around h = d, for the AB
configuration (i.e., ¥ = Yeon), gives,

I'~ ag(h — dg)z + ag(h — dg)B + a4(h - d€)4 + (47)

where

ag = Aeadz(zggf —208 0.4421];17;;2 - 0.2761%;;
0 — —Aeade (52%)3 +120B _ _0.405%;

ay = Ae_adz(iéi)f — 8108 _ 0.203m?§4 (48)

A comparison of the fits to the ACFDT-RPA data
is shown in Fig. In addition the coupling is
shown for various stackings in Fig. [[4] to order
(h — dg)?. When constructing the potentials Zhou
et al. uses the DFT-D2 calculations instead of the
more accurate ACFDT-RPA for computational effi-
ciency. Since there are no such difficulties with the
PFC model, the ACFDT-RPA data was used to pa-
rameterize as. To convert to dimensionless units

6.242 x 10'%eV  (m)? 1 (2.56A)%
a =a
2d = 2 J (1010A)2 6.58eV (47/+/3)4
=6.51 x 107° (49)

To obtain an approximate value for Vo Egs. (41))
are substituted into Eq. and then integrated
over a unit cell and divided by the area of it. The

result is
Afy _ 2V ¢ (1 - cos(%)) (2 + cos(%)
- (2)

A
where AFy = Fi(yo) — Fut(yo = 0). The total en-
ergy is then F. = Fy + Fap. A value of Vy = 1.29
eV /nm? resulted in the best match to the ACFDT-
RPA data of Zhou et al. [I] as shown in Fig.

(50)
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FIG. 13. Comparison of Zhou et al. [I] potential and a
polynomial expansion. We note that this is a fit to the
ACFDT-RPA data and not to the DFT-D2 data that
Zhou et al. fit to in Fig. 8.
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FIG. 14. Interaction for various stackings using a

parabolic approximation.

As can be seen in this figure the fitting over (un-
der) estimates the energy of the AA (SP) stacking
but overall provides a reasonable approximation to
the DFT calculations. In dimensionless units Vj is

(Voa)
>2

Voa = Y <ag (51)

Cg \ Oz



Quantity | Dimensional |Dimensionless
Vo 1.29 eV/nm? | 2.44 x 107
az  |0.276 eV/nm*| 6.51 x 107°
A 3.56 A 10.08
« — 0.26

TABLE I. Summary of model parameters for a
graphene/graphene bilayer.

where ¢ = 6.58 eV, a; = .256 nm and a, = 4#/\@,
which gives

Voq = 2.44 x 1074 (52)

A summary of the fitting parameters is given in Ta-
ble[l

As with the height fitting it is possible to get a
better fit by including higher order terms, for exam-
ple if a stacking free energy of the form

fst = /d?"[VO(l)énléng + VO(Q) (5n1(5n2)2] (53)
is used a better fit can be obtained. Matching to

SP (AFsp/A ~ 9.42 mJ/m?) and AA (AFap/A ~
53.21mJ/m?) stacking energies densities gives,

1 19AFan /A + 45AFgp _ 2.
VW’ = 21607 = 219.2 mJ/m";
AFar/A—9A
v® = Fan/AZ98Fse 504 mJ /m?.(54)

216642

Fits to this second order form are shown in Fig. [I5]
As with the height calculations a numerically ob-
tained solution using the PFC 1st order parameters
is also included in this figure. The numerical result
is worse that the analytic one and it is unlikely that
adjusting the parameters would lead to a better fit to
the ACDFT-RPA result. In this instance the PFC
2nd order model would provide more flexibility to
numerical model a given DFT result.

A couple of points are worth mentioning. The fit-
ting done here is different than that of Zhou et al.
[1], in which the parameters that enter I" in Eq.
depend on the stacking orientation and no other cou-
pling is needed. In this work the stacking energy is
fixed by Fy; in a separate contribution to the free en-
ergy. As seen by the fitting of the stacking heights
and energies this works quite well, partly due to the
fact that Fy, << Fj which simplifies analytic cal-
culations. Considering the large differences between
the various DFT models an exact fitting to one of
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FIG. 15. Free energy difference as a function of stacking
location for a graphene/graphene bilayer.

the models is unlikely going to lead to better quan-
titative predictions.

1. Sample simulations

Four types of simulations were conducted using
the PFC 1st order model using the parameters de-
rived in the one-mode approximation discussed in
the previous section. The first case was to validate
the model by reproducing known results and in lat-
ter three to illustrate how the model can be used
to study complex structures. In the first case the
layers of the bilayer were rotated with respect to
each by an angle 6. This leads to a Moiré patterns
as domain walls and junction form between com-
mensurate regions. The junctions form a triangle
pattern with a periodicity () that is inversely pro-
portional to # such that A = a,/(2sin(0/2)) in the
absence of coupling between the layers [58, [67]. As
seen in Fig. [[6]such a pattern emerges in addition to
the junctions moving out plane, such that, junctions
on the top (bottom) layer bulge up (down). This is
the so-called ”breathing mode” observed and named
by Zhou et al. [I], confirming the methodology pre-
sented in this work. Zhou et al. [I] also observed
other modes, which may be explored in future work.

Simulations of phase boundaries in the zig-zag
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FIG. 16. In a) upper and lower layers have been rotated
by an angle +5.21° and —5.21° respectively and in b)
the angles are +1.87° and —1.87°.

(ZZ) and arm-chair (AC) directions (as depicted in
Fig. |1)) were conducted such that the bottom layer
was a perfect crystal and the top layer had an AB
stacking on the sides and a BA stacking in the mid-
dle. This leads to a domain wall at the boundary
between the AB and BA stackings. As seen in ex-
periments and simulations [68] the width of the do-
main wall (referred to as a soliton in reference [G§]
in the ZZ direction (~ 10 nm) was larger than in
the AC direction (~ 6 nm). Small portions of the
systems are depicted in Fig. The widths (as
determined by width of Ay — hy at half of the max-
imum) are 9.2 nm and 7.7 nm for the ZZ and AC
directions, respectively. These results are in quali-
tative agreement with Alden et al. [68] although the
width of the AC domain wall is slightly larger. The
larger width leads to a larger energy per unit length
(defined as (Fyo1 — Foq)/2L, where Fy, is the en-
ergy of the system containing a domain wall in one
layer, L is the length of the domain wall and the
2 is included as there are two domain walls in the
simulation cell) for the ZZ domain wall, 0.17 eV /A,
as compared to 0.12 eV/A for the AC case. As ex-
pected these boundaries are quite a bit smaller than
that of a large angle grain boundary (see Fig. [10).

The model developed in this paper can handle
more complex structures that contain dislocations
and grain boundaries, not just small deformations
about a perfect lattice. To examine the influence
of defects in bilayers a perfect unrotated layer was
placed on top of one containing a symmetric tilt
grain boundary (using the same initial condition dis-
cussed in section . As the grain boundary
forms in the bottom layer out of plane deformation
occur to relieve elastic energy, which in turn causes
the layer above to also deform in sync with the bot-
tom layer. This is illustrated for a symmetric tilt
grain boundary in Fig. [[§ at a tilt angle of § = 3.8°.

14
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FIG. 17. Structure of a domain wall in zig-zag (a) and
b)), and arm-chair (c) and d)) directions. In a) and c)
the sum of the densities (n1 + n2) is depicted while in b)
and d) the difference of the height (hs — k1) is shown. In

a) and b) the system size is 15 nm X 1.9 nm and in c)
and d) 15 nm x 1.7 nm.

The grain boundary itself causes deformations on the
scale of £2.0 A which induces similar deformations
in the upper layer, although to a slightly lesser ex-
tent. In addition the deformations in the upper layer
slightly more smeared out. This is expected since de-
formations in a layer increases the elastic energy and
hence the top layer will not buckle to same extent as
the lower layer which contains the grain boundary.
Since the top layer is not rotated and the bottom
is, a Moiré pattern also emerges between the grain
boundaries in both layers as expected, although it is
barely discernible in the figures as deformations due
to the grain boundary are much larger.

To further illustrate how the model presented in
this work can examine very complex structures, a
simulation was conducted to study the influence of a
polycrystalline bottom layer on a perfect top layer.
In this simulations the bottom layer initially con-
tained sixteen grains separated by supercooled lig-
uid. In these simulations M,;,, = 1.0 and M} = 25.0.
Sample configurations are shown in Fig. at
t = 500, 50 000 and 250 000 time steps. Since the top
layer is not rotated Moiré patterns emerge in the lay-
ers in the breathing mode state previously discussed.
As time evolves grain boundaries form between the
grains and out-of-plane deformation start to increase
to release stress at such boundaries. These deforma-
tions then cause the upper layer to deform in sync
with the bottom layer as was the case of a simple
grain boundary.
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FIG. 18. Influence of grain boundary on overlayer. In b)
the bottom layer is shown which contains a symmetric
tilt grain boundary at angles 3.8°, while a) shows the top
layer. The color scale corresponds to the the deviations
of the height from its mean of each layer in units of
angstroms.

B. Binary/binary bilayers (hBN/hBN)

In the binary hBN/hBN system there are two dif-
ferent types of stackings and the first is shown in
Fig. [20]in which an AA’ stacking gives rise to a con-
figuration where every A atom has a B atom as a
nearest neighbour in the other layer. In Zhou et al.
[1] this is referred to as a hBN/hBNI1 stacking. The
other stacking in shown in Fig. [2I] and is referred
to as the hBN/hBN2 stacking. In this instance the
AA stacking leads to A (B) atoms sitting on top of
A (B) atoms.

Using the binary model of Taha et al. [28, 29],
as described in App. it possible to repeat the
calculations for a hBN bilayer. For this system AR?
can be written

ARY = A {1 + apaadnaidnas + appdngiongs

+a% (0na10nB2 + onp1dnasz) }7 (55)
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FIG. 19. Influence of grain structure at dimensionless
time ¢ = 500 in a) and b) for the bottom and top layer
respectively. Similarly in ¢) and d) at time 50 000 and
in e) and f) at 250 000 time steps. The color scale corre-
sponds to the height of each layer in units of angstroms.

where A and B refer to the two binary components, 1
and 2 refer to the different layers and dn, = n, —ng,
where 7, is the average of n,. Integrating Faj over
a unit cell and minimizing with respect to Ah gives
for the hBN/hBN1 system,

o 2¢°
AR = A(l -5 [Aav/3 cos(yo/2)(1 + cos(yo/2))

+3Aaag sin(yo/2)(1 — cos(yo/2))
+Aa¢2]) (56)

where Aa = aaa +apg—2aaB, and Aaap = aas —
app. The free energy associated with this term in
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T O L and 2a gives
j0 -0, © 4, @ |
© O o ®© o 1° o ® aaa = 0.12986, app = 0.29411, A = 3.44A(61)
AB SP AB AA AB aap was then chosen to provide the best match for
Y=0 y,=a/2 Y,=a y =2a y, =3a the hBN/hBN2 case and is given by
FIG. 21. Stacking for hBN/hBN2. aap = 0.055. (62)
The fits shown in Fig. are reasonable good. One
] ] could also fit differently e.g. by fitting two points to
the free energy per unit area is the hBN/hBN1 and two points to the hBN/hBN2

stackings.
AFa, SA2 ¢4 %o 3 Yo\ The same procedure to obtain as outlined in the
= (cos () - 1) 2 ficos (3) )

A V3 previous section can be used here using the data
2 given in Zhou et al. [I] table II for the ACFD-RPA,
(57) ie., dy = 3.34 A, Cuy = 46 GPa, veon = 222.7
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FIG. 22. Equilibrium height as a function of stacking
location for a) hBN/hBN1 and b) hBN/HBN2 bilayers.

mJ/m?. This results in the fit shown in Fig.
which gives

as = 0.689 mJ/(m?A?) = 0.430 eV/nm”, (63)
or in dimensionless units,

asq = 1.01 x 107 (64)

800 ———
= Ae-er — B(d/h)* + 7,

400 |- [ = ay(h-d)? i
- I' = a,(h—d)? + az(h-d)?
E + a,(h—d)*
S
E
[

200 |-

0
2 4 8 10

6
h (&)

FIG. 23. Fitting the height potential to polynomial for
a hBN/hBN bilayer.

The stacking energy for the h(BN/hBN bilayer can
be written as

Fy = /dF(VAA5nA15nA2 + Vepongp1dnps2

1
+§VAB(571A1571B2 + 571}3157”&}\2), (65)
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where the parameters Vaa, Vap and Vip must
be matched to experiment or theory. Using the
mode expansions described in App. [D] gives for the
hBN/hBN1 system

AFy /A =242 (1 — cos(yo/2)) (cos(yo/2)[AV + 2] +

V3AVag sin(yo/2)), (66)
where AFy = Fy(yo) — Fit(yo = 0),
AV = Vaa + VBB — 2VaB;
AVag = Vaa — ViB. (67)
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FIG. 24. Stacking energy for a) hBN/hBN1 and b)
hBN/hBN2, where the line is from Eq. and the
points are from Zhou et al. [1]

In the hBN/hBN2 configuration as shown in Fig.
the free energy becomes,

AF /A = G(AV + Vi) [2cos(y0/2 +a)* + 1))

where Vi = Vaa + Vap + Vap. Fitting to the
points A’B, AB’ for the hBN/hBN1 and AB for the
LBN/LBN?2 gives
AV = Vaa + Vg — 2Vag = 1.35 eV/an;
AVap = Vaa — Vg = 0.71 eV /nm?;

Vi + AV = 2.6 eV/nm?. (69)
This gives
Vaa = 0.997 eV /nm?;
Ve = 0.287 eV /nm?;
Vag = —0.033 eV /nm?.
(70)
In dimensionless units
Vi = Vi (amen )" 71
o = () ()



Quantity| Dimensional |Dimensionless
Vaa | 0.997 eV/nm? | 4.39 x 10 ¢
Vg | 0287 eV/nm? | 1.21 x 107
Vap |—0.033 eV/nm?| —1.46 x 10°°
as 0.430 eV/nm”* | 1.01 x 10~ ¢
A 3.44 A 9.11
QAA — 0.130
QBB — 0.294
QAB — 0.055

TABLE II. Summary of model parameters hBN/hBN
bilayer.

where ¢, = 2.74 eV, appn = .251 nm and a, =
47 /+/3, which gives relative small values as

Vaag = 4.39 x 107%;
Vipa = 1.21 x 107%;
Vaga = —0.146 x 1074,
(72)

The fits are shown in Fig. 4] and a summary of the
parameters is given in Table [[}

C. Monatomic/binary bilayer (graphene/hBN)

Similar calculations can be performed for a
graphene/hBN system (ignoring the lattice constant
difference). The stacking sequence is shown in Fig.
For a graphene/hBN bilayer Ah can be written
as

AR’ = A(1 + agadngdna + aggdngdng). (73)

Integrating over a unit cell and minimizing w.r.t. Ah
gives

AVAC 1 20501
N

—3Aasin(yo/2)(cos(yo/2) — 1) — \/gat/Q},

(74)

[\/gat cos(yo/2)(1 + cos(yo/2))
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FIG. 25. stacking for graphene/hBN

with energy density

AFap 32¢§¢%A2 2 2 3 Yo
Aoy 3 V3(aA — apap + ad) cos 5
3
—%(ai —4apap + af) cos? y—;
3
—%(70& — 10apap + 7o) cos %
3 . Yo Yo
+3 (i — af) sin 0 (cos 5 1)
3v3
+T6aB(2aA - 3013)] (75)

Matching this to Zhou et al. [I] gives, gives A = 3.45
A and ap = 0.0370 and ap = 0.195. This fit is very
good as shown in Fig.

The coefficient as can be calculated similar to the
prior cases to obtain

az = 0.497 mJ/(m*A?) = 0.310 eV /nm*;
apg = 7.31 x 1075, (76)

where the fits are shown in Fig. 27]
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FIG. 26. Equilibrium height as a function of stacking
location for graphene/hBN bilayer.
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FIG. 27. Fitting height potential to a polynomial for
graphene/hBN bilayer.

For this system a coupling term,

Fy = /dF(VAénA + VB6nB) 5ng (77)
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Quantity| Dimensional |Dimensionless
Va |0.145 eV/nm?| 2.64 x 10~ °
Ve [1.135 eV/nm?| 2.06 x 10~ *
az ]0.310 eV/nm*| 7.31 x 1077
A 3.45 A 9.78
aa — 0.037
aB — 0.196
TABLE III. Summary of model parameters

graphene/hBN bilayer.

leads to a stacking energy

AFst
A

= —2¢:PAB [VT cos 1%0 (1 + cos &)

2
—AVV3sin % (cos % — 1)

(o) -

where Vi =V + A+ Vg and AV =V, — V. The
best fit shown in Fig. [28]is very good and occurs for

Va = 0.145 eV /nm?;
Vg = 1.135 eV/nm?. (79)

To convert to dimensionless form one has to choose
either graphene or hBN parameters for the energy
scale (cg = 6.58 eV/nm?, ¢;, = 2.74 eV/nm?) and
the lattice spacing (ag = 2.56 A, a, =251 A). If
graphene parameters are chosen

Vag = 2.64 x 1075;
Vea = 2.06 x 1074, (80)

It should be noted that for this system in dimen-
sionless form the hBN free energy would need to be
multiplied by ¢ /¢, and the (1 + V?) would need to
be modified in the hBN free energy to account for
the difference in length scales, i.e., it would become
((ag/an)*+ V?). A summary of parameters is given
in Table [ITIl

IV. SUMMARY AND CONCLUSIONS

The model phase-field crystal model presented in
Sec. [l (i.e., Egs. —@) here provides a relatively
simple method of modeling small out of plane de-
formations (OPDs) in a single atomic layer and nat-
urally incorporates elastic and plastic deformations
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m

within the plane. This model was validated in the
small deformation limit, by showing it reduces to
a standard model used for flexible sheets. Sample
simulations of strained sheets were shown to be con-
sistent with analytic expressions derived from con-
tinuum theory for the height of the induced defor-
mations as well as the associated excess free energy
to further valid the model and simulation technique.
The flexibility of the model was illustrated by ap-
plications to dislocation dipoles and grain boundary
energies in graphene. In former case, in the absence
of OPDs, the model was again shown to be consis-
tent with continuum elasticity theory for the strain
fields due to point dislocations. Allowing for OPDs
made a large impact on reducing the energy of the
dislocation pairs and removed the logarithmic diver-
gence of the pair energy with system size, consistent
with expectations of other publications [39, [59]. In
addition the predicted energy of a 5/7 dislocation
was quantitatively consistent with prior DFT calcu-
lations [30, 59, [65, [66]. Simulations of grain bound-
aries also showed how the OPDs lead to a lowering
of the grain boundary energies in a manner quali-
tatively consistent with prior MD simulations [27],
although the decreases were smaller than the low
temperature MD simulations.

In Sec. [II the construction of a continuum
model of stacked 2D layers was developed using
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an assumption that variations in the distance be-
tween layers did not vary greatly. With a rela-
tively simple coupling it was shown that the model
could be parameterized to match the stacking en-
ergies and heights of prior DFT calculations quite
closely. This was shown in three separate bilayers,
graphene/graphene, hBN/hBN and graphene/hBN.
The approach taken was similar but somewhat dif-
ferent than the approach of Zhou et al. [I] in which
a continuum model is developed in that it contained
a much smaller parameter set and was able to fit to
the DFT model deemed the most accurate. Sam-
ple simulations of twisted bilayers of graphene were
shown to reproduce the breathing mode observed by
Zhou et al. [1], although an extensive study was not
undertaken to see if the model could also reproduce
the twisted mode reported by these researchers (it
should be noted that strain induced similar twisted
modes have been reproduced in other PFC studies
[69, [70]). Additionally a study of domain walls cre-
ated by an AB/BA boundary in one layer are shown
to be consistent with prior research of Alden et al.
[68]. Finally the ability of the model to incorpo-
rate complex microstructures that include disloca-
tion and grain boundaries, was illustrated by exam-
ining the influence of a grain boundary or polycrys-
talline layer on an adjacent undefected layer.

Overall the model proposed here is perhaps the
simplest one for stacks of flexible sheets that incor-
porates OPDs as well as in-plane deformations and
dislocations that can be parameterized by matching
to known results. The simplicity of the model facili-
tates relatively low-overhead numerical calculations,
but limits the applicability to relatively small defor-
mations. In each layer a Monge gauge was assumed
that limits the model to small OPDs and thus can-
not handle multi-valued heights. Similarly, the mul-
tiple layer model assumes that deviations from the
equilibrium distance between two layers are small
such that the stacking interaction potential (I') can
approximated by a simple polynomial. This approx-
imation implies that an unphysical infinite energy
would be required to pull the bilayers apart. It
should be possible to implement a more accurate
form (i.e., if needed.

It was shown that by adding more bulk coupling
terms (eg., terms of the form nidn, where i and
Jj are integers) more complex stacking energies and
heights could be fit quite accurately. However, as
shown in Sec. [[ITA] using the one-mode approxima-



tion for the density field will not lead to accurate
parameterization for the full model, and thus the
parameters should be chosen numerically. In this
regard it would be extremely useful to develop an
complex amplitude expansion of the model as has
been done for the basic PFC case [50H54] and more
complex systems [55], [63]. In this approach the one-
mode approximation is exact making parameter fit-
ting easier in addition to the fact that the approach
can be used to computationally study even larger
system sizes.
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Appendix A: Laplacian and Curvature in the
Monge Gauge

Consider a two-dimensional sheet in the (z,y)
plane embedded in three dimensional space with
height h(z,y). It will be assumed that h is a single-
valued function of (z,y), i.e., a Monge gauge will be
used. This limits the approach to small out of plane
deformations. Transforming from 7= (x,y, z) coor-
dinates to W = (x,y, h(x,y)) is straightforward and
leads to the transformation matrix A (with compo-
nents A;; = Ow;/0r;) of the form,

10 h,
01 h, |,
00 0

A= (A1)

where h; = 9;h. From A the metric G (with ele-
ments g;; = ar;ax;) can be constructed, i.e.,

G:(th heh, )

A2
hohy 1+ R (42)
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The inverse of this metric is then,
_ 1 1+ h2 —hgzh
1 _ y x /by
1512+ h2 (—hzhy 1+ h ) (A3)
The Laplacian can now be written in terms of the el-

ements of the inverse matrix g%/ and the determinant
of the Jacobian of the transformation (J = /|G| =

\/1+|Vh[?), ie.,
1 ii
Vi = 3;@ (79"0;) - (A4)

This gives

1 1+ h2 14 h2
V3=J[C%< Jyaz>+ay< g y)

a (0) o, (0] a

In this limit that gradients in h are small this sim-
plified to lowest order,

Ve, ~ V2, — (W02 + hi0; + 2hyhy0,0,). (AG)

Appendix B: Functional Derivatives

The functional derivative with respect to n of the
free energy described in Eq. is
oF
5 = ABn+7n® +vn®+ [1402 (1—h2)
n
+0; (1= hY) = 20,0yhshy] (14 V3,)n,
where the derivatives operate on any function to the
right. Similarly with respect to h gives,
oF
T KC x h+2[05 (heNaz + hynay) +
8y (hynyy + honay)] (14 V3 )n,
where the 0, and 0, operators act on all quantities
to the right and

Cxh= /dF’C(\F—F’Dh(F’). (B1)

Letting L = 1+ V? and H = h20,, + h20,, +
2hyhyOyy gives,
oF
o ABn +1n? +ovn’ + L?n
n
—02(h2(1+ V2)n + Hn)
—02(h2(1+ Vi)n+ Hn)

—20,0yhyh, (1 +V2)n — Hn. (B2)



Appendix C: Strain Calculations

As discussed in Refs. [60H62] for the original PFC
model, the strain can be calculated from a free en-
ergy functional via the expression,

of of

n_g |2 gl - 9 g,

Ok J |:a(azn) k?’?{l a(aln) kT

where f is the integrand of the free energy func-
tional. For the free energy used in this manuscript,

of

9(0oam) (1 —h3)Lan; (C1)
)

3(6;:,11) = (1= h3)Lpn; (C2)
)

3(39:;”) = —2h,h,Lyn. (C3)

This gives rise to the following expressions for the
strains:

o, = (0, [(1 — h2)Lpn] — 20, [hohyLyn]) Opn
- [(1 — hi)ﬁhn] Opznt + [2hzhy Lpn] Ogyn;
(C4)

oy, = (0 [(1 = h2)Lyn] — 20, [hehy Lyn]) Dyn
— [(1 = h2)Lyn] Byyn + [2huhy Lan] Dpyn;
(C5)

or, = (0x [(1 = h2)Lyn] — 20 [hohyLyn]) Oyn
— [(1 = B2)Lh] Ouyn + [2hahy L1yn] Dyyn;
(C6)

oy = (0y [(1 = B2)Lpn] — 20, [hohyLan]) Oun

— [(1 — h;)ﬁh] Opyn + [2hzhy Lyn] Opgn.
(C7)
These calculations lead to strains that vary on short
length scales. To make a comparison with the con-
tinuum model the strains obtain were filtered in

Fourier spaces to obtain smooth strains, o;;, i.e., in
Fourier space,

o0y (F) = / dF e~ o7 (F) (C8)

where a determines the magnitude of smoothing.
Choosing a is a trade-off as too large a value will

22

0.5 -
= |
ot O T
I !
>
A 02
n _gs -
a -0. -~
e 3 _
- 2 0.16
n r - 1
n £ ]
| ol ]
I 1 1 1 1 4
-15 | 8 B 10 12
I distance/a ]
PO [T TR SN T TR (NN TR TR ST YN (T T S T S N S T i
-10 V] 10 20
distance/a

FIG. 29. Comparison of simulated stress o, for different
values of the smoothing parameter a given in Eq. .
The green, red and blue lines correspond to a = 5,7 and
9 respectively.

smooth out the dislocation core and too small a value
will lead to spurious fluctuations in the bulk regions.
0z 18 shown in Fig. for a = 5,7 and 9. Clearly
at a = 5 there are very evident spurious fluctua-
tions, but by a = 7 they are quite small and gone by
a = 9. However, as can be seen there is significant
reductions near the center of the dislocation core as
a as increased. For comparisons given in this paper
a value of a = 7 was chosen as the best compromise.

Appendix D: Hexagonal Boron Nitride model

The free energy functional can be written [28] 29],

F . EA 1 2 A
1, €8 o BB o2, o 2
+ZnA -5 "B + > ((V? +qp)ns)
v w
—g—Bn% + fn% + aaBnans + *ninB
3 4 2
U
+§nAn2B} (D1)
with parameters ex = eg = 0.3, go = ¢ = 1,

aAB20.5,gA:gB:0.5,w:u:O.3,BB:v:l
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and ¢, = 2.74 eV. The lattice constant in hBN is

and the one mode approximation can be written,
ay = 2.51 A. With these parameters the model is

symmetric (if the average densities are the same)

na = ng + 2¢ <2 cos(?m) COS(%) + Cos(y))
ng = ng + 2¢ <2 cos(?w) cos(g + 27r/3>

+ cos(y + 47 /3)) (D2)

where ng = —0.28. Minimizing the free energy with
respect to ¢ gives

¢ = <6g — 120 + 3u + (3(129(g + ) + 192n0(g — no)

+u(3u — 24n) + 4005 + 80¢)) "/ 2) /60 (D3)
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