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ABSTRACT: We present a new force-field potential that
describes the interlayer interactions in heterojunctions based
on graphene and hexagonal boron nitride (h-BN). The
potential consists of a long-range attractive term and a short-
range anisotropic repulsive term. Its parameters are calibrated
against reference binding and sliding energy profiles for a set of
finite dimer systems and the periodic graphene/h-BN bilayer,
obtained from density functional theory using a screened-
exchange hybrid functional augmented by a many-body
dispersion treatment of long-range correlation. Transferability
of the parametrization is demonstrated by considering the
binding energy of bulk graphene/h-BN alternating stacks.
Benchmark calculations for the superlattice formed when
relaxing the supported periodic heterogeneous bilayer provide
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good agreement with both experimental results and previous computational studies. For a free-standing bilayer we predict a
highly corrugated relaxed structure. This, in turn, is expected to strongly alter the physical properties of the underlying
monolayers. Our results demonstrate the potential of the developed force-field to model the structural, mechanical, tribological,
and dynamic properties of layered heterostructures based on graphene and h-BN.

B INTRODUCTION

In recent years two-dimensional heterostructures, formed by
stacking different single-layered materials, have gained much
attention due to their uniquely tailored physical properties.' ™
The heterojunction of graphene and hexagonal boron nitride
(h-BN) is probably the most prominent member of this family,
exhibiting rich physical properties that include a tunable band
gap,’™® ultrahigh electron mobility,’"" the appearance of
Hofstadter’s butterfly phenomenon,' " and the demonstration
of controllable hyperbolic metamaterial characteristics."* Due
to the intrinsic lattice constant mismatch between graphene
and h-BN, graphene tends to deform when placed on an h-BN
substrate, thus adapting itself to the underlying lattice.”"> This,
in turn, was shown to alter its electronic and optical properties,
opening new venues for technological applications.””'*™"*
Another important realm where such heterojunctions play a
central role is the field of nanotribology. Here, it was predicted
that the flat graphene/h-BN interface (as well as related two-
dimensional junctions) formed at the junction of the
corresponding multilayered materials, namely graphite and
bulk /-BN, should exhibit robust superlubricity that may reduce
friction and wear in nano (electro-)mechanical systems.'”~>*
Theory and computation may provide valuable insights for
the design of such novel two-dimensional heterostructures and
for the interpretation of their measured properties.'””'”**~* To
this end, an accurate description of the interlayer interactions is
an essential requirement from any computational method used
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for modeling these systems.”'>'®****7** The interlayer
potential in layered materials can be generally decomposed
into two main contributions: (i) long-range attractive
interactions and (ii) short-range repulsive interactions. The
long-range term results from dispersion interactions and
possibly also electrostatic contributions and is the driving
force for the interlayer adhesion.””*>™>” The short-range term
originates mainly from Pauli repulsions between overlapping
electron clouds of atoms residing on adjacent layers and is the
dominant factor in determining the interlayer sliding energy
corrugation.'”**7*>*>%% The balance between these two
contributions determines the equilibrium interlayer distance
and the overall binding energy of the layered structure.”’

In the homogeneous bilayer graphene and bilayer h-BN
systems, it was found that the short-range Pauli repulsions
introduce an anisotropy that cannot be described simply by
two-body potentials that depend solely on the interatomic
distance.””* Hence, the standard Lennard-Jones term that
provides decent binding characteristics at a given stacking mode
severely underestimates the overall sliding energy landscape
corrugation in these materials.”' To account for this, dedicated
registry dependent interlayer force-fields have been developed,
which simultaneously capture the adhesion and anisotropic
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Figure 1. Binding energy curves for the (a) benzene/borazine dimer; (b) benzene on HBNC; (c) borazine on coronene; (d) coronene/HBNC
dimer; and (e) periodic graphene/h-BN bilayer calculated at the optimal C stacking mode (see panel (f)), obtained from HSE+MBD (open red
circles) and from the graphene/h-BN ILP developed in this work (full black line). Schematic representations of the corresponding systems are
included as insets in each panel. For the periodic system (panel (e)) the binding energy curve at the worst (A) stacking configuration is presented as
well. Panel (f) presents the high symmetry stacking modes of the graphene/h-BN heterojunction. For the finite systems the calculated binding
energies were divided by the total number of atoms in the dimer (including hydrogen atoms), and for the periodic systems they were divided by the
total number of atoms per unit-cell. Reference energies of the finite systems were calculated at an intermonomer distance of 100 A. Reference
energies of the infinite bilayer were taken as the sum of individual monomer contributions.

repulsive characteristics of the interlayer interaction in these
homogeneous junctions.39’40

In the present paper, we develop an anisotropic interlayer
potential for the heterogeneous interface of graphene and h-
BN. To this end, we adopt the functional form of the recently
reported interlayer potential (ILP) for hexagonal boron nitride
(h-BN).* The force-field parametrization is performed against
interlayer binding and sliding energy results obtained via state-
of-the-art density functional theory (DFT) calculations utilizing
a screened-exchange hybrid functional augmented by many-
body dispersion treatment of long-range correlation.”>"’
Transferability of the parametrization is demonstrated by
considering the binding energy of bulk graphene/h-BN
alternating stacks. We further benchmark the developed
force-field by studying the structural properties of large-scale
graphene/h-BN surfaces, known to form commensurate regions
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separated by domain walls."> This result has been previously
rationalized based on continuum models and empirical force-
fields.”>**' Here, we obtain it in a predictive manner using an
atomistic force-field derived from first-principles calculations.

B DESCRIPTION OF THE FORCE-FIELD

In addition to long-range attractive dispersive and short-range
repulsive interactions, the h-BN ILP,*” on which the potential
developed here is based, contained another term reflecting
classical monopolar electrostatic interactions between partially
charged ionic lattice sites residing on different layers. In the
case of the graphene/h-BN heterojunction, this would be
relevant only if there is significant induced polarization of the
C—C bonds in graphene due to the polarized nature of the
heteronuclear B—N bonds in the adjacent h-BN layer.
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However, as the electrostatic potential decays exponentially
with the distance from the h-BN surface’”** the net effect is
expected to be quite weak. This has been confirmed by
observing insignificant Hirshfeld charges (~0.005e) on the
carbon atoms at the graphene/h-BN heterojunction, using the
DFT calculations described below. Therefore, we discard the
interlayer electrostatic interaction term and recalibrate the long-
range dispersion attraction and short-range repulsion terms for
this system. A full account of the latter two terms can be found
in ref 40. Here, we provide a brief description of their
functional form, for completeness.

Long-Range Attractive Term. The long-range attractive
term of our interlayer force-field is based on the form of the
Tkatchenko-Scheffler dispersion correction scheme to DFT."
In this approach, standard semilocal or hybrid exchange-
correlation density functional approximations that fail to
describe long-range van der Waals (vdW) interactions are
augmented by asymptotic pairwise terms that decay as c¢/r®
with the interatomic distance, r. These terms are damped at
short distances to avoid double-counting of short-range
correlation effects.

In our interlayer force-field, these pairwise long-range
attraction terms take the form

1 C6,ij

1+ &0/ G =11 48

EAtt(rij) = Tap("i;)
(1)

Here, r;; is the distance between a pair of atoms, i and j, located
on adjacent layers, r,-e]-ff is the sum of effective equilibrium vdW
atomic radii of the pair, Cg; is the pairwise dispersion
coefficient of the two atoms in the molecular or solid-state
environment, and d and sy are unit-less parameters defining the
steepness of the short-range Fermi-type damping function and
its onset, respectively. The term in the curly parentheses is
identical in form to the Tkatchenko-Scheffler one.”> For
computational efficiency we further damp it at large distances
using a taper function® of the form

20 , 70 & 84
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cut cut
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which provides a continuous (up to third derivative) cutoff for
interatomic separations larger than R..Y

Short-Range Repulsive Term. We follow the approach
developed by Kolmogorov and Crespi (KC)™ for graphene to
describe the short-range anisotropic interlayer repulsive
interactions. In this scheme, the repulsive term between two
atoms i and j on adjacent layers is defined not only as a function
of their interatomic distance, i but also as a function of their
pairwise transverse distance, p;;. The latter, which is required to
capture the anisotropy of the interatomic repulsion, is defined
as the shortest distance between atom j on one layer and the
surface normal at the position of atom i in the adjacent layer.
The surface normal itself is taken as a vector perpendicular to
the triangle formed by the three nearest neighbors of atom i.
Full details regarding the calculation of the surface normal and
the lateral distance can be found in refs 40 and 28. With this,
the overall expression describing the repulsive interaction is
given by

i
)

al1——- 2 2
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where &; and C; are energy constants associated with the
isotropic and anisotropic repulsion, respectively, /§; and y; set
the corresponding interaction ranges, and a;; sets the steepness
of the isotropic term.

B PARAMETERIZATION

Reference DFT Calculations. The above-described gra-
phene/h-BN ILP has been parametrized against a series of
sliding and binding energy calculations for finite and periodic
heterogeneous bilayer models, obtained from DFT. A total of
five systems (see insets of Figure 1) were used as reference for
the binding energy curves calculations: the benzene/borazine
dimer, benzene atop hexaborazino-coronene (the BN analogue
of coronene, with the chemical formula B;,N,H;,, denoted
here as HBNC), borazine atop coronene (C,,H;,), the
coronene/HBNC dimer, and the periodic graphene/h-BN
bilayer.** Two of these systems were further used for sliding
energy landscape reference calculations: the finite benzene/
HBNC system and the periodic graphene/h-BN bilayer system.

All reference data were obtained from dispersion-corrected
DFT calculations. A major advantage of this approach is that
the difficult problem of obtaining an accurate description of
both geometry and electronic structure can be generally
overcome by decoupling the two issues:*’ an exchange-
correlation functional that is appropriate for the electronic
structure problem, but does not include a good description of
dispersive interactions, is augmented with first-principles
dispersion corrections. The screened-exchange hybrid func-
tional of Heyd, Scuseria, and Ernzerhof (HSE),”*™* has been
established previously to be successful in describing the
electronic properties of graphene, h-BN, and their hybrid
structures (see, e.g., refs 35, and 54—59 ). Augmenting HSE
with simple pairwise dispersion corrections is known to be
insufficient for carbon-based nanostructures in hgeneral, and
graphene in particular, owing to screening effects. Y Therefore,
we employ many-body dispersion (MBD) corrections."”"’
Briefly, in this approach one starts by evaluating the
Tkatchenko-Scheffler Cg4 coeflicients and atomic polarizabilities,
obtained from normalizing their free-atom values based on the
effective atomic Hirshfeld volume in the molecular or solid-
state environment. Next, the atomic response functions are
mapped into a set of quantum harmonic oscillators. These are
then coupled through dipole—dipole interactions to obtain self-
consistently screened polarizabilities, which are used to obtain
the correlation energy of the interacting oscillator model
system, within the random-phase approximation. Here, we use
the range-separated version of this scheme,*® in which double-
counting of correlation is minimized by using short-range
dipole—dipole interaction for the self-consistent screening but
long-range interaction for the calculation of the correlation
energy. This approach has been found to be quantitatively
useful for systems as diverse as molecular complexes, molecular
solids, Iagfered materials, and adsorbates on metal surfa-
ces,"*'"% including, importantly, the graphene bilayer,"**
multilayered hexagonal boron nitride and graphene,”” a
graphene sheet adsorbed on the Ag(111) surface, ® and bulk
graphite and h-BN.°* Furthermore, using this approach we
obtained bilayer graphene and h-BN binding energies of 24.6
and 27.3 meV/atom. These values are ~7 meV/atom higher
than corresponding quantum Monte Carlo results—a consid-
erably better agreement than that obtained with standard
dispersion-corrected DFT approaches.”*®” We therefore view
the combination of the HSE functional with MBD corrections,
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denoted henceforth as HSE+MBD, as a state-of-the art DFT
approach, providing a good balance of accuracy and complexity
for computing binding energy curves and sliding energy
landscapes, against which the ILP developed here is para-
metrized and subsequently benchmarked.

Individual monomers of graphene and h-BN were first
optimized using the HSE functional and the split-valence
double-¢ 6-31G** Gaussian basis set,”® as implemented in the
GAUSSIAN suite of programs.”” For all dimer systems
considered, the optimized monomers were then stacked at
the optimal (C) configuration (see Figure 1f) to form the
bilayer systems. For the periodic bilayer system (panel (e)), the
optimized monomers were additionally stacked at the worst
(A) stacking configuration (see Figure 1f). All system
calculations were then pursued using HSE+MBD with the
tier-2 basis set,’’ as implemented in the FHI-AIMS suite of
programs,71 using tight convergence settings (see the
Supporting Information for more details). Basis set super-
position errors at the equilibrium interdimer distance with this
basis set are estimated to be of the order of 0.1 meV/atom (see
the Supporting Information) and are therefore neglected
throughout the parametrization procedure.”*’ The systems
were rigidly shifted vertically, allowing for binding-energy
calculations to be carried out at each interlayer distance, as
shown in Figures 1 and 2 . Sliding energy profiles, obtained for
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Figure 2. Binding energy curves of bulk graphene/h-BN alternating
stacks as a function of interlayer distance. Reference HSE+MBD
calculations at the optimal (C) and worst (A) stacking modes are
presented in red and blue, respectively. The corresponding ILP results
are presented in black and green, respectively. ILP calculations at the
optimal stacking mode with only nearest (purple) and second-nearest
(brown) neighboring layer interactions are also presented. Inset: zoom
in on the equilibrium region of the optimally stacked system. The
calculated binding energies were divided by the total number of atoms
per unit-cell. Reference energies were taken as the sum of individual
layer contributions.

the benzene atop HBNC system and the graphene/h-BN
bilayer by rigidly shifting the monomers laterally at a fixed
interlayer distance of 3.3 A, are shown in Figure 3.

Fitting Procedure and Results. In the present imple-
mentation, we use the values of d = 15.0 and si = 0.784 for the
Fermi-type short-range cutoff function in the dispersion term.
We note that these values are smaller than the corresponding
values used in an HSE-based Tkatchenko-Scheffler dispersion
correction (20.0 and 0.96, respectively).***> This results in a
somewhat deeper penetration of the short-range cutoff function
into the core region, reflecting the fact that the HSE functional
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has a somewhat larger degree of midrange correlation than the
intralayer potentials used here.

The r;' and Cs; parameters are then refitted for the
heterojunction. To this end, we first calculated the
homonuclear % and Cq,i for the periodic graphene and h-BN
monolayers, obtained from HSE calculations augmented by
Tkatchenko-Schefller dispersion corrections. The heteronuclear

values were then obtained using the relation
ajo aio

Coj = 2C6,iCoi/ | —5Ceii + —5Ce
o a;

i

where af is the static polarizability of atom i*’ Further
parameter refinement then proceeded iteratively by considering
the binding and sliding results alternately. Ultimately, we found
it necessary to increase all calculated C4 coefficients by ~10%
for best results. All recommended parameters are summarized
in Table 1.

The ILP binding-energy curves for all dimers considered,
obtained using the set of parameters given in Table 1, are
compared to the corresponding DFT reference results in Figure
1. As can be readily seen, the graphene/h-BN ILP results are in
overall excellent agreement with the reference data. The
maximal deviation was found for the borazine on coronene
dimer (Figure 1c), where an 8.2% (0.59 meV/atom) under-
estimated binding energy and a 2.12% (0.07 A) overestimated
binding distance was obtained. For the periodic bilayer system
(panel 1le) positioned at the C stacking mode, the ILP
overestimates the binding energy by 3.2% (0.87 meV/atom)
and results in a slightly increased binding distance (~0.01 A)
compared to that obtained with DFT. Numerical values of the
binding energies and equilibrium distances obtained for all five
systems considered, using the ILP and DFT, are provided in
Table 2.

B BENCHMARK TESTS

An important character of the above-developed ILP should be
transferability, i.e., it should be sufficiently robust to provide an
accurate description of graphene/h-BN systems that it was not
fitted against. To examine this, we first evaluate the
transferability of the obtained parametrization by considering
the binding energy of a periodic (bulk) stack of alternating
graphene and h-BN layers. The binding energy as a function of
interlayer distance for this system, as calculated using HSE
+MBD and the ILP for the optimal (C) and worst (A) stacking
modes following the same procedure used above for the
periodic bilayer system, is given in Figure 2. In this calculation,
the HSE+MBD calculations are performed on a bilayer unit-cell
with periodic boundary conditions applied also in the
perpendicular direction. The corresponding ILP calculations
are performed with a stack of 16 layers and circular boundary
conditions, to allow for appropriate decay of interactions at the
length of the simulation box. For the graphene/graphene and h-
BN/h-BN interactions we use the Kolmogorov-Crespi®” and h-
BN ILP" potentials, respectively.

As readily seen, excellent agreement between the ILP results
and the reference HSE+MBD calculations is obtained for both
stacking modes also in the bulk case. Importantly, in the ILP
calculations, we used the parameters obtained for the bilayer
systems to describe the interactions between nonadjacent layers
as well. Hence, the overall good agreement of the bulk ILP
binding energy curves with the reference calculations indicates
that screening of interactions between nonadjacent layers is of
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Figure 3. Interlayer sliding energy landscapes of benzene on HBNC (upper row) and a periodic graphene/h-BN bilayer (lower row), calculated
using the graphene/h-BN ILP developed in this work (panels (a) and (d)), and the HSE+MBD approach (panels (b) and (e)). The differences
between the ILP and DFT sliding energy landscapes are presented in panels (c) and (f). Locations of the high symmetry stacking modes of the

periodic system (see Figure 1f) are marked in panel (d).

Table 1. Complete Parameter List for the Graphene/h-BN Interlayer Potential

value
term parameter CB CN CH BH NH HH units
dispersive d 15.0 15.0 15.0 15.0 15.0 15.0
SR 0.784 0.784 0.784 0.784 0.784 0.784
rf 3.691 3.481 3.197 3292 3.082 2.798 A
Ce,i 657.408 366.955 131.989 185.686 90.589 37.870 keal - A%/mol
taper R, 16.0 16.0 16.0 16.0 16.0 16.0 A
repulsive a 10.0 10.0 9.0 9.0 9.0 9.0
By 3.02 34 2.8 2.8 2.7 27 A
7 12 12 20.0 20.0 200 20.0 A
£ 0.37 0.21 0.31 0.31 0.25 0.31 kcal/mol
Gy 0.18 0.36 0.13 0.13 0.13 0.13 kcal/mol
minor importance. Furthermore, we find that the major previously considered theoretically, computationally, and
contribution to the binding energy comes from the nearest experimentally and therefore serves as an excellent testing
and second-nearest neighboring layers, such that third-nearest ground for the new parametrization.”®' 3719202731 g
layer interactions amount to less than 0.3% of the overall describe the intralayer interactions in graphene we chose the
binding energy. Tersoff * potential, as parametrized in ref 73. Because this
As can be seen in Figure 3, the same set of parameters also method overestimates the intralayer equilibrium C—C bond
provides an excellent agreement of the calculated ILP sliding distance in graphene by ~1.34% (yielding 1.439 A instead of
energy landscapes of the benzene/HBNC and the periodic 1.42 A), we artificially set the bond length of the fixed h-BN
bilayer systems with their respective reference DFT-based substrate to 1465 A, so as to obtain the required 1.8%
landscapes. Notably, the largest absolute energy difference interlayer lattice constant mismatch.
between the ILP and DFT sliding energy surfaces obtained for Figures 4a and 4b present maps of the obtained graphene/h-
the finite dimer is 0.7 meV/atom (see Figure 3c), whereas a BN interlayer distances and the interatomic distances within
slightly smaller absolute deviation of 0.4 meV/atom is obtained the relaxed graphene layer, respectively. Clearly visible domains,
for the periodic bilayer (see Figure 3f). Furthermore, the characterized by optimal interlayer distance (marked in blue in
maximal sliding energy landscape corrugation of 7.4 meV/ panel 4a) and increased intralayer C—C bond lengths (marked
atom, calculated for the periodic bilayer using the ILP, agrees in red in panel 4b) appear upon geometry optimization of the
well with the corresponding DFT reference value of 7.3 meV/ adsorbed graphene layer. In these domains, the graphene layer
atom. stretches to adapt to the underlying fixed h-BN substrate,
Next, we focus on a more challenging application of the ILP achieving optimal C stacking at the equilibrium interlayer
developed in this work, which is already outside the distance. To compensate for this, the adsorbed graphene layer
computational feasibility scope of a DFT calculation. We forms elevated regions (marked in red in panel 4a) with
consider the periodic bilayer formed by graphene and single- compressed interatomic distances (marked in blue in panel 4b)
layered h-BN that is known to form a structural superlattice due that separate the optimally stacked domains. The maximum
to the intrinsic lattice constant mismatch of the two hexagonal height variation obtained for graphene atop the fixed h-BN flat
layers.'> We start by relaxing a graphene sheet atop a fixed h- substrate was 0.23 A, and the corresponding largest C—C bond
BN single-layer forming a 24.23 X 13.99 nm? supercell. This length variations were of the order of 0.01 A (~0.8%). These
system, which we denote as graphene/h-BN, has been results are consistent with previous theoretical studies””'®***!
2900 DOI: 10.1021/acs.jctc.6b00147
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Table 2. Binding Energies (BE) and Equilibrium Distances
for All Finite and Periodic Systems Studied in Figure 1, As
Obtained Using the HSE+MBD Approach and the
Graphene/h-BN ILP Developed in This Work®

Borazine/benzene dimer Benzene on HBNC
2 '-)*J
o v )
.g ,‘)..r) > m
BE(meV/atom) Eq. distance (&) BE(meV/atom) Eq. distance (4)
DFT -5.7 3.42 -6.5 3.35
ILP -5.6 3.44 -6.9 3.32
Borazine on Coronene Coronene/HBNC dimer
o >
| S | e
@ > =% 2
v o
BE(meV/atom) | Eq.distance (A) | BE(meV/atom) | Eq.distance (&)
DFT -7.2 3.29 -12.2 3.34
ILP -6.6 3.36 -12.2 3.37
Graphene/h-BN bilayer (C stacking)
2
g
B
w
BE(meV/atom) Eq. distance (4) BE(meV/atom) Eq. distance (&)
DFT -27.13 3.28 -21.7 3.51
ILP -28.0 3.29 -22.3 3.48

“For the periodic bilayer (lower row), results for both the C (most
stable) and A (least stable) stacking modes are presented.

and are in good agreement with scanning tunneling microscopy
(STM) experiments that mapped the surface topography of
graphene on h-BN."'® Specifically, comparing the interlayer
distance variation map of Figure 4a with the STM images of ref
1S reveals a very similar qualitative structure of a slightly
distorted hexagonal superlattice. The experimentally measured
interlayer distance variations amplitude is ~0.4 A,”* and the C—
C bond length within the C stacked domains is found to be
stretched by 2.0 + 0.6% with respect to the elevated regions.'
These values are somewhat larger than those obtained here
from the ILP but in overall good agreement. The difference can
be partially attributed to the fact that in the calculation we
assume a fixed single-layered h-BN substrate, whereas in the
experiment the surface region of the bulk h-BN substrate is free
to deform.

To rationalize the formation of the superlattice structure, we
used the recently developed local registry index (LRI)
method®* to map the degree of local interlattice commensur-
ability in the heterogeneous bilayer system. In this method,
each atom in the graphene or h-BN layer is assigned a number
ranging from 0 (optimal C stacking) to 1 (worst A stacking)
that quantifies its local stacking registry with respect to the
underlying h-BN surface. The LRI value assigned to each

2901

atomic position is calculated from a normalized expression
involving the projected overlaps between circles located at the
neighboring lattice sites of the adjacent layers, averaged over
the local environment. For more details on the LRI method see
the Supporting Information and ref 34. Figure 4c presents the
obtained LRI map of the preoptimized graphene/h-BN flat
bilayer, where the blue and red colors denote regions of optimal
and worst stacking modes, respectively. The LRI pattern reveals
a hexagonal Moiré superlattice with lattice vector lengths that
depend on the relative interlayer twist angle 6 via®

M=+ £)a/\/£2 +2(1 + €)[1 — cos(#)]. Here, a =
2.49 A is the lattice constant of graphene (obtained using the
Tersoff »”* potential), and 1 + & = 1.018 is the ratio between
the lattice constants of the two layers. In the present case, the
layers are not rotated with respect to each other. Therefore, =
0° and the superlattice period is L™ = 14.08 nm (see Figure 4c).
The internal structure of each supercell includes domains of
nearly perfect registry, separated by reduced registry regions.
Upon structural relaxation, the C—C bonds within the nearly
perfect domains stretch to form a perfectly C stacked domain at
the optimal interlayer distance of ~3.3 A (Figure 4a), whereas
the reduced-registry domains form the compressed elevated
regions.

The corrugation of the relaxed graphene layer can be readily
understood by further analysis of the LRI map of the
preoptimized, flat Moiré supercell. Figure 4c shows that nearly
optimal C stacking appears at the center of the supercell, but
the corners obtain the A and B stacking configurations (see
Figure 1f). Because the A, B, and C modes have different
interlayer equilibrium distances of 3.48, 3.4S, and 3.29 A (as
calculated with the ILP developed here), respectively, upon
structural relaxation the graphene layer adjusts the interlayer
distance according to the local stacking mode, thereby leading
to the observed surface corrugation.

We now consider single-layered h-BN relaxed atop a fixed
graphene substrate, a system that we denote as h-BN/graphene
(see Figure 4d-f). To the best of our knowledge relaxation
effects in this system have not been examined experimentally.
However, the approach developed here allows for a predictive
calculation. To describe the intralayer interactions of the 4-BN
layer we use the parametrization presented in ref 75 for the
Tersoff”> potential. Since this potential underestimates the B—
N bond distance in #-BN by ~0.27% (1.442 A), we fix the bond
length of the graphene substrate at 1.4165 A so as to maintain
the required 1.8% interlayer lattice constant mismatch. We find
an overall picture similar to that obtained for the above-
discussed case of graphene/h-BN, the main difference being
that the formation of optimal stacking regions in the relaxed h-
BN layer atop the fixed graphene sheet requires B—N bond
compression (Figure 4e) in order to increase commensurability
with the underlying fixed graphene substrate. This is
compensated by bond stretching within the surrounding
elevated regions. Generally, somewhat larger regions that
present nearly equilibrium interlayer distance (Figure 4d, f)
are obtained along with an inverted intralayer bond-length map
(Figure 4e).

Finally, we consider the case of a fully relaxed free-standing
graphene/h-BN bilayer. In Figure 5 we present the LRI (panel
Sa), interlayer (panel Sb) distance, and intralayer (panel Sc)
C—C bond length maps obtained after fully relaxing a
graphene/h-BN bilayer. As can be seen, for the free-standing
system sharp domain walls develop between the optimally
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BN sheet (left) and an 7-BN sheet relaxed atop a fixed graphene sheet (right). Interlayer distance maps and intralayer interatomic bond-length maps
of the relaxed structures are given in the top and middle panels, respectively. Local registry index (LRI) maps of the preoptimized flat bilayers appear
at the bottom panels. The hexagonal Moiré supercell and three high symmetry points are marked in the bottom left panel. The false-color scale of
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Figure S. Fully relaxed graphene/h-BN free-standing bilayer. (a) Local registry index map; (b) interlayer distance map; (c) graphene intralayer
distance map; and (d) overall structure of a fully relaxed, free-standing, graphene/h-BN bilayer. Here, we modify the equilibrium carbon—carbon
bond length of the Tersoff potential from its original value of 1.439 A to 1.416 A in order to obtain the required 1.8% mismatch with the B—N bond

length of 1.442 A obtained with the Tersoff potential for h-BN.

stacked hexagonal regions. The graphene intralayer C—C bonds
compress at the domain walls and stretch within the optimal
stacking regions in order to accommodate the intrinsic lattice
vectors mismatch of graphene and /4-BN. Examining the relaxed
structure (Figure Sd), we find that the local lattice variations are
accompanied by large deformations of the whole structure,
resulting in loss of planarity and the formation of a strongly
corrugated surface. The surface corrugation that we obtain is of
the order of 7.5 A. When compared to the experimental height
variation in the supported case (~0.4 A7 ), one may expect that
the electronic properties of the free-standing bilayer will be
strongly influenced by the structural deformations and hence
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differ from those of the underlying monolayers. Furthermore,
the surface corrugation is strongly dependent on interlayer
twisting such that at a misfit angle of 20° the relaxed surface
height variations are of the order of only ~0.03 A. This opens
another venue for gaining control over the tribological and
electronic properties of the system.

B SUMMARY AND CONCLUSIONS

To summarize, an interlayer potential for the heterogeneous
graphene/h-BN junction has been developed. The force-field
parameters have been calibrated against reference data of
binding and sliding energy profiles of several finite molecular
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dimers, as well as the periodic bilayer system, obtained via
screened-exchange hybrid DFT calculations augmented by
many-body dispersion interactions. The ILP reproduces the
DFT data with binding-energies and equilibrium distance
deviations of the order of ~1 meV/atom and 0.07 A at most
(usually smaller), respectively. The transferability of the
parametrization has been demonstrated by considering the
binding energy of bulk graphene/h-BN alternating stacks. The
potential was further benchmarked by considering the
structural relaxation of the periodic graphene and h-BN
heterojunction. When graphene is relaxed atop a fixed h-BN
substrate, the Moiré pattern resulting from the intrinsic lattice
constant mismatch of the two layers yields a corrugated surface
superlattice. The structure of this superlattice is found to be in
qualitative and quantitative agreement with experimental
observations and with the results of previous computational
studies. For single-layered h-BN relaxed atop a fixed graphene
substrate, a similar picture is predicted to occur. However,
unlike the case of graphene, where the C—C bonds stretch in
the valleys of the corrugated surface to increase commensur-
ability with the underlying h-BN substrate, in this case the B—N
bonds compress to achieve optimal stacking with the fixed
graphene surface. Upon full relaxation of a free-standing
graphene/h-BN bilayer, sharp domain walls that are accom-
panied by a large out-of-plane deformation of the whole system
emerge. This demonstrates the potential of the developed
force-field to simulate structural, mechanical, tribological, and
dynamical properties of layered heterostructures based on
graphene and h-BN.
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