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The superlattice of alternating graphene=h-BN few-layered heterostructures is found to exhibit strong
dependence on the parity of the number of layers within the stack. Odd-parity systems show a unique
flamingolike pattern, whereas their even-parity counterparts exhibit regular hexagonal or rectangular
superlattices. When the alternating stack consists of 7 layers or more, the flamingo pattern becomes
favorable, regardless of parity. Notably, the out-of-plane corrugation of the system strongly depends on the
shape of the superstructure resulting in significant parity dependence of its mechanical properties. The
predicted phenomenon originates in an intricate competition between moiré patterns developing at the
interface of consecutive layers. This mechanism is of general nature and is expected to occur in other
alternating stacks of closely matched rigid layered materials as demonstrated for homogeneous alternating
junctions of twisted graphene and h-BN. Our findings thus allow for the rational design of mechanomut-
able metamaterials based on van der Waals heterostructures.
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Heterojunctions of vertically assembled van der Waals
(vdW) layered materials [1] have attracted great scientific
and technological interest since they exhibit diverse physi-
cal properties and carry great technological potential in
various fields including electronics, optics, mechanics, and
tribology [1–7]. Among the numerous possible vdW
heterostructures graphene and hexagonal boron nitride
(h-BN) junctions have attracted particular interest [8] as
potential building blocks for field effect transistors [9,10],
thermoelectric devices [11], solar cells, light-emitting
diodes, and photodetectors [12–14].
The versatility of these systems stems from their unique

electronic [15–19], magnetic [20,21], mechanical [22], and
frictional properties [23–25], which are tightly intertwined
with the moiré superlattices naturally occurring in such
heterostructures [26,27]. By varying the twist angle
between two adjacent layers, the moiré superlattices can
be modified in a controlled manner opening a route to tune
the corresponding material properties [15–19,28,29].
Further control can be gained via changing the number
of stacked layers within the heterojunction. This has been
demonstrated for ABA-stacked few-layer graphene, whose
electronic properties exhibit dependence on the number of
layers parity (being either odd or even) [30,31]. To the best
of our knowledge, no similar parity effect has been
observed in the mechanical properties of layered materials
heterostructures, to date.
In the present Letter, we reveal a new phenomenon, where

the symmetry of the moiré superlattice and the correspond-
ing mechanical properties of vdW heterostructures depend

on the parity of the number of layers. We demonstrate this
for alternating few-layered graphene=h-BN stacks, where
even layered structures present regular hexagonal or rec-
tangular moiré patterns, whereas odd-layered structures
exhibit a unique flamingolike pattern with relatively small
Poisson’s ratio. Furthermore, the sign of Poisson’s ratio
depends on the loading direction thus presenting novel
auxetic metamaterial behavior [32–34]. Notably, above a
stack thickness of seven layers, our calculations indicate that
the flamingo pattern becomes preferential for both even- and
odd-layered stacks.
Our model system consists of an aligned (nontwisted)

stack of alternating layers of graphene and h-BN, whose
number of layers is varied between 2 to 16. Intralayer
interactions are modeled using the second-generation
reactive empirical bond order potential [35] and the
Tersoff potential [36], for graphene and h-BN, respectively.
Interlayer interactions are modeled using our recently
developed anisotropic interlayer potential [24,37–39]. To
eliminate the edge effects, periodic boundary conditions
(PBC) are applied in both the lateral directions and in the
vertical dimension. To model finite thickness stacks, we
choose a vacuum size of a 100 Å in the vertical dimension,
which is sufficiently large to avoid interimage interactions
that nullify above a cutoff value of 16 Å. We term this type
of calculation 2D PBC, as it produces results which are
identical to a purely lateral 2D PBC calculation. We use the
term 3D PBC to describe simulations of bulk systems,
where the periodicity in the vertical dimension is set to be
the modeled supercell thickness plus one interlayer
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distance. To assure convergence of the 3D PBC calcula-
tions with respect to the supercell thickness, we performed
these calculations with two supercell models of 12 and 16
layers, both mimicking the same alternating bulk system.
The comparison of the results obtained with these two bulk
supercell thicknesses [see full symbols in Figs. 1(f) and 3]
indicates that the PBC calculations are well converged.
More details regarding the model system and the computa-
tional approach are provided in Secs. 1–3 of the
Supplemental Material (SM) [40].
Because of the inherent intralayer lattice vectors mis-

match of ∼1.8% between graphene and h-BN layers, highly
corrugated moiré patterns with flat nearly optimally stacked
regions separated by narrow elevated ridges of suboptimal
staking [22,37,48], appear following geometry optimiza-
tion. In Fig. 1(a) the bilayer graphene=h-BN system is
presented, showing the regular hexagonal moiré pattern
with typical lateral dimensions of ∼13.8 nm. Notably,
when increasing the number of layers of the alternating
stack, the competition between interlayer interactions at the
different interfaces results in more involved moiré patterns

[see Fig. 1(b)–1(e)]. The out-of-plane corrugation (peak-to-
dip value) of these structures are summarized in Fig. 1(f).
Surprisingly, strong parity dependence is observed up to a
stack thickness of 7 layers, where the out-of-plane corru-
gation of the odd numbered heterostructures is 4–5 Å larger
than that of the even numbered counterparts. Above this
thickness, the parity dependence disappears and the lowest
energy moiré pattern we could identify strongly deviates
from the regular hexagonal superstructure obtained in the
bilayer case (see Secs. 2.3–2.4 of the SM [40] for a
discussion regarding this crossover behavior).
To understand the parity dependence of the deformation

pattern, we plot in Fig. 2 the out-of-plane corrugation
pattern for a consecutive series of alternating stacks of
increasing thickness ranging from 2 to 9 layers. From this
figure, the parity dependence is clearly evident, where the
even stacks (up to 6 layers) present either the regular
hexagonal structure or a related rectangular moiré structure,
whereas the corresponding odd stacks exhibit a unique
superstructure that resembles the shape of a flamingo (see
Fig. 2). As mentioned above, for stack thickness exceeding

FIG. 1. Optimized alternating graphene=h-BN heterostructures of various number of layers obtained using two-dimensional (2D)
periodic boundary conditions (PBC) in the lateral directions (a)–(d) and three-dimensional (3D) PBC (e). The atoms of the upper layers
are colored according to their vertical height with respect to the center of mass of the layer (see corresponding color bars next to each
panel). Mauve, blue, and gray spheres in the lower layers represent boron, nitrogen, and carbon atoms, respectively. For clarity, two unit
cells are presented [see the black box in panel (e) for the actual supercell dimensions used in the simulations]. The out-of-plane
corrugation (peak-to-dip value) in both graphene (black squares) and h-BN (red circles) layers as a function of the number of layers of
the alternating graphene=h-BN heterostructures is presented in panel (f). Open symbols represent calculations obtained using 2D PBC
and full symbols represent calculations performed using 3D PBC with different supercell thicknesses.
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6 layers the flamingo pattern is found to be the most stable
one (see Secs. 2.3 and 4 of the SM [40] for thicker
heterostructures results). This is further supported by our
3D PBC calculations that exhibit the same preference for
the flamingolike superstructure [see Fig. 1(e)]. Notably, for
the 12-layered model stack, where both 2D and 3D PBC
results are presented, the superstructure obtained by the
3D PBC calculations (full symbols) is somewhat less
corrugated than that obtained via 2D PBC calculations
(open symbols) indicating that the bulk limit is not yet
reached at this thickness. This is a physical effect that is
expected to be found also in experiments.
The predicted parity dependence of the vertical defor-

mation superstructure opens a route to design the mechani-
cal properties of layered materials heterostructures. To
demonstrate this, we evaluate the Young’s modulus and
Poisson’s ratio for graphene=h-BN alternating heterostruc-
tures of varying thickness (the corresponding simulation
protocol is presented in Sec. 1.4 of the SM [40] and the raw
simulation data can be found in Sec. 5 of the SM [40]). The
results are summarized in Fig. 3.
From Figs. 3(a) and 3(b) it is evident that both Young’s

modulus and Poisson’s ratio exhibit strong parity depend-
ence (up to a factor of 2 and 50, respectively) when the
number of layers is smaller than 7. The parity dependence
disappears for thicker stacks, consistent with the deforma-
tion pattern behavior discussed above. Increasing the
temperature from 5 to 300 K has minor effect on the
parity dependence of the elastic constants [see Figs. 3(c)
and 3(d) and Secs. 5–6 of the SM [40] ]. The value of the
Young’s modulus for the alternating graphene=h-BN
heterostructure (∼240 GPa) is much lower than that
of monolayer graphene (∼1000 GPa) [49] and h-BN
(∼865 GPa) [50]. We attribute this to the highly corrugated
nature of the heterostructures that can flatten upon loading
while reducing in-plane covalent bond elongation stress
(see Sec. 7 in the SM [40]). For thin stacks (N < 7) at 5 K,

the Poisson’s ratio [Fig. 3(b)] of the even-numbered
systems is positive and in the range of 0.1–0.3, whereas
for odd numbered systems it is minute (∼j0.04j) and
changes sign when the direction of the applied strain is
switched. When the number of layers exceeds seven, the
parity dependence of Poisson’s ratio disappears and its
value ranges from −0.046 to −0.0045 and from 0.058 to

FIG. 2. Parity dependence of the out-of-plane distortion superstructures for alternating graphene=h-BN heterostructures. Top views of
consecutive stacks of increasing thickness ranging from 2 to 9 layers are presented. The flamingo-shaped superstructure is clearly
observed for the odd stacks (bottom panels) and for the thicker even stacks (top right panel). All results presented in this figure are
obtained using 2D PBC boundary conditions optimizations. For clarity of the presentation, the simulation box (marked by a black
rectangle in each panel) is multiplied in the lateral directions. The color scale denotes the vertical height of the atoms in the top layer with
respect to its center of mass.

FIG. 3. Parity dependence of the mechanical properties of
alternating graphene=h-BN heterostructures. (a),(c) Young’s
modulus and (b),(d) Poisson’s ratio as functions of the number
of layers evaluated at a temperature of T ¼ 5 K (upper panels)
and T ¼ 300 K (lower panels), respectively. Open symbols (full
symbols) represent calculations obtained using 2D (3D) PBC
with different supercell thicknesses. In panels (b) and (d), results
for both stretching (red circles) and compression (black squares)
strains are presented to emphasize the dependence of Poisson’s
ratio on the loading direction. The error bars represent the
standard deviation obtained in the calculation of the correspond-
ing coefficients (see Figs. S10–S13 in the SM [40] for further
details).
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0.077 for compression and stretching deformations, respec-
tively (these small values should be considered qualita-
tively in light of the approximate nature of our classical
molecular dynamics computational approach). The values
of Poisson’s ratio calculated at room temperature are very
similar to those obtained at 5 K [see Fig. 3(d) and Secs. 5
and 6 in the SM [40] ]. We note that small Poisson’s ratio
materials have recently attracted much attention due to
their potential utilization in many advanced applications
[51–54].
The discovered parity dependence of the vertical defor-

mation patterns is attributed to the intricate interplay
between the large-scale moiré superlattices formed at each
interface in the heterostructures. In fact, while all odd-
numbered stacks presented here possess an excess h-BN
layer, similar results were obtained for odd heterostructures
with an excess graphene layer (see Sec. 4.2 of the SM [40]
for further details). This suggests that the phenomenon is
not limited to the case of graphene=h-BN heterostructures
but should be observed for many alternating vdW layered
stacks of closely matched lattice vectors, where large moiré
superlattices are formed between adjacent layers. Notably,
this can also be achieved in homogeneous alternating
layered stacks, where adjacent layers assume a misaligned
configuration. To demonstrate this, we constructed multi-
layer alternating twisted homogeneous graphene and h-BN
stack models, where the even numbered layers are rotated
by 1.12° with respect to their odd numbered counterparts.
As shown in Fig. 4, the out-of-plane deformation pattern of
the twisted graphitic system exhibits clear parity depend-
ence on the number of stacked layers with large variations
of its out-of-plane corrugation. Similar results for homo-
geneous twisted alternating h-BN stacks are presented in
Sec. 8 of the SM [40]. Since several recent studies already
demonstrated delicate control over the misfit angle of 2D
material interfaces [17,55], we expect that the fabrication of
such structures will become feasible in the near future.

The fact that parity dependence appears in both
homogeneous and heterogenous alternating structures
and that the flamingo patterns are found in heterostruc-
tures with either graphene or h-BN excess layers, dem-
onstrates the general nature of the predicted phenomenon.
Together with the nearly vanishing Poisson’s ratio exhib-
ited by the flamingo-shaped superstructure materials, our
findings therefore suggest the possibility to construct a
new type of metamaterials with tunable mechanical
properties.
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