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The ability to locally switch a confined electrical polarization 
is a key functionality in modern technologies, where storing 
and retrieving a large volume of information is vital (1). The 
need to reduce the dimensions of individually polarized do-
mains, from the ~ 100 nm2 scale (2, 3) toward the atomic scale 
is rising (4). The main challenges involve long-range dipole 
interactions, which tend to couple the individual domain po-
larization orientations (5). Likewise, surface effects and exter-
nal strains that are difficult to control become dominant once 
the surface-to-volume ratio increases (6). To overcome these 
challenges, one can consider layered materials, such as hex-
agonal-boron-nitride (h-BN) and transition-metal-dichalco-
genides (TMD), where the bulk volume can be reduced to the 
ultimate atomic-thickness limit whereas the crystalline sur-
face remains intact (7). However, it is rare to find a sponta-
neous net electric polarization in 2D that is sufficiently large 
to read and write under ambient conditions (8–10). Further-
more, in naturally-grown h-BN and TMD crystals, polariza-
tion is eliminated by the formation of a centrosymmetric van 
der Waals (vdW) structure that is lower in energy than other 
meta-stable stacking configurations. Here, we break this sym-
metry by controlling the twist-angle between two h-BN flakes, 
and find an array of permanent and switchable polarization 
domains at their interface. The polarization is oriented nor-
mal to the plane, and its amplitude is in good agreement with 
previous first-principle predictions for a two-layered system 
(11) and with our detailed multi-layer calculations. 

To identify which stacking modes can carry polarization, 
we present in Fig. 1A six different high symmetry configura-
tions of bilayer h-BN. The stacking configurations are divided 
into two groups termed “parallel” and “anti-parallel” twist 
orientations (12); within each group, a relative lateral shift by 

one interatomic distance switches the stacking configuration 
in a cyclic manner. Typically, the crystal grows in the optimal 
anti-parallel (AA') configuration with full overlap between ni-
trogen (boron) atoms of one layer and boron (nitrogen) atoms 
of the adjacent layer (13). In the parallel twist-orientation, 
however, the fully eclipsed configuration (AA) is unstable 
since it forces pairs of bulky nitrogen atoms atop each other 
resulting in increased steric repulsion (14). Instead, a lateral 
interlayer shift occurs to a metastable AB stacking with only 
half of the atoms overlapping, whereas the other half are 
aligned with the empty centers of the hexagons in the adja-
cent layer (15, 16). Note that the AB and BA stacking form 
equivalent lattice structures (only flipped), and that all de-
picted anti-parallel configurations (AA', AB1', AB2') are sym-
metric under spatial inversion. 

To explore these different configurations, we artificially 
stamped two exfoliated h-BN flakes on top of each other, each 
consisting of a few AA' stacked layers, with a minute twist-
angle between the otherwise parallel interfacial layers (17). 
The small twist imposes interlayer translations that evolve 
continuously and form a Moiré pattern owing to the under-
lying crystal periodicity (Fig. 1B). In this rigid lattice picture, 
the three nearly commensurate stacking configurations (AB, 
BA, AA) appear at adjacent positions in space. Notably, this 
picture breaks for a sufficiently small twist angle as a result 
of structural relaxation processes as shown by our molecular 
dynamics calculation based on dedicated interlayer poten-
tials (Fig. 1C, (17, 18)). Instead, the system divides into large 
domains of reconstructed commensurate AB and BA stack-
ings separated by sharp incommensurate domain walls that 
accommodate the global twist (see fig. S3, A and B) (19–22). 
Notably, near the center of the extended commensurate 
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domains, perfectly aligned configurations are obtained with 
no interlayer twist. In the experiments, we also introduce a 
topographic step at the interface between the flakes. A step 
thickness of an odd number of layers guarantees anti-parallel 
stacking (AA', AB1' or AB2') on one side, and parallel stacking 
(AA, AB or BA) on its other side (Fig. 1D). Thus, one can com-
pare all possible configurations at adjacent locations in space. 

To measure variations in the electrical potential, VKP, at 
surface regions of different stacking configurations, we place 
the h-BN sandwich on a conducting substrate (Si\SiO2, graph-
ite, or gold), and scan an atomic force microscope (AFM) op-
erated in a Kelvin probe mode (KPFM), see Fig. 2A and (17). 
The potential map above the various stacking configurations 
is shown in Fig. 2B. We find clear domains (black and white) 
of constant VKP, extending over areas of several μm2, which 
are separated by narrow domain-walls. Dark gray areas of av-
erage potential are observed above: (i) positions where only 
one h-BN flake exists (outside the dashed yellow line); (ii) 
above two flakes but beyond the topographic step marked by 
dashed red lines in Fig. 2B (and topography map fig. S2) as 
expected; and (iii) beyond topographic folds that can further 
modify the interlayer twist angle (dashed green lines). These 
findings confirm that white and black domains correspond to 
AB and BA interfacial stacking that host a permanent out-of-
plane electric polarization. Such polarization is not observed 
at the other side of the step, where centrosymmetric AA', AB1' 
AB2' configurations are obtained, or at the AA configuration 
expected at domain-wall crossings (see blue dots in Fig. 1C). 
Sufficiently far from the domain-walls (toward the center of 
each domain) a constant potential is observed with a clear 

difference KPV∆  between the AB and BA domains as shown 

in Fig. 2C. We note that KPFM measurement nullifying the 
tip response at the electric bias frequency give an underesti-

mated potential difference of Δ ~ 100KPV mV  due to averag-

ing contributions from the tip's cantilever (17). More 
quantitative measurements obtained via sideband tip excita-

tions yield KPV∆  values ranging between 210 and 230 mV for 

both closed-loop scans and local open-loop measurements 
(fig. S1). Similar values are measured for several samples with 
different substrate identity, various thicknesses of the top h-
BN flake (for flakes thicker than 1 nm), and using different 

AFM tips. These findings confirm that KPV∆  is an independ-

ent measure of the intrinsic polarization of the system that, 
in turn, is confined within a few interfacial layers. 

Although our force field calculations for slightly twisted 
bilayer h-BN show a uniform triangular lattice of alternating 
AB and BA stacked domains (Fig. 1C), in the experiment we 
observe large variations in their lateral dimensions and 
shape. This indicates minute deviations in the local twist, 
which are unavoidable in the case of small twist angles (19–
22). Specifically, the ~1 μm2 domains in the left part of Fig. 

2B correspond to a global twist of less than 0.01°  (23). We 
also note that any external perturbation to the structure, 
caused either by transferring it to a polymer, heating, or di-
rectly pressing it with the AFM tip, usually resulted in a fur-
ther increase in domain size. In a few cases, high-temperature 
annealing resulted in a global reorientation to a single do-
main flake, many micrometers in dimensions. This behavior 
confirms the metastable nature of the AB / BA stacking mode, 
as well as the possible superlubric nature of the interface (24, 
25). On the other extreme, much smaller domains are ob-
served in the top right-hand section of Fig. 2B. The smallest 
triangle edge we could identify over many similar flakes was 
60 nm in length, which corresponds to a twist-angle of 0.24°. 
We therefore conclude that, below this angle, atomic recon-
struction to create untwisted domains is energetically fa-
vored. Naturally, this constitutes a lower bound on the 
maximal angle for domain formation as smaller domains be-
low our experimental resolution may form at larger twist an-
gles. 

To trace the microscopic origin of the measured polariza-
tion we performed a set of density functional theory (DFT) 
calculations on finite bilayer and quad-layer h-BN flakes. For 
the finite bilayer calculations, we constructed two model sys-

tems, where hydrogen passivated h-BN flakes of either 21 nm  

or 23 nm  surface area are stacked in the AB stacking mode 

(fig. S4). The calculated polarizations per unit area, /zP A , of 

these systems were 0.55, 0.45 2Debye / nm , respectively (see 

black triangles in Fig. 2D), pointing perpendicular to the in-
terface only (see table S1). Because edge effects may influence 
the results of such finite system calculations (17), fig. S4), we 
performed complementary laterally periodic system calcula-
tions at various thicknesses. The detailed methods used for 
these calculations are discussed in (17). For the AB stacked 
periodic bilayer, we find a polarization of 

2/  0.33 Debye / nmzP A = , changing by only 10% when includ-

ing additional two and eight AA' stacked layers above and 
below the AB stacked interface (see Fig. 2D and fig. S7). Add-
ing more AB-stacked layers, however, reveals a linear in-
crease of the calculated polarization with the number of 
added interfaces (see fig. S9). The latter is a highly appealing 
control-mechanism to engineer the magnitude of the polari-
zation in future 2D systems, independent of external effects 
such as surface-chemistry and local strains. Lateral shifts of 
the periodic bilayer system show a gradual evolution of the 
polarization when shifting between the AA, AB, and BA stack-

ing modes, from zero to +0.33 and -0.33 2Debye / nm , respec-

tively (Fig. 2E). This is crucial when considering the complex 
response at domain-walls, where lattice deformations induce 
additional flexo (26) and piezo (27) responses. In fig. S8 we 
present also the charge density redistribution in the periodic 
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bilayer system owing to interlayer coupling. The correspond-
ing interlayer potential difference at the experimental config-

uration is calculated to be 
1

120 
2

KPV mV∆ =  (see fig. S7), in 

excellent agreement with the side-band measurements (red 
star in Fig. 2D). Similar results were reported in recent com-
putational studies (11). We note, however, that to obtain 
quantitative agreement with the experimental measure-
ments, the results should be carefully converged with respect 
to the various calculation parameters (figs. S5 and S7). By fur-

ther applying an electric field of 0.1 / nmV  normal to the 
plane, our calculations find a minute piezo-electric defor-
mation of 0.1 pm, and a 5% variation in the polarization mag-
nitude (fig. S10). 

It is instructive to further translate the measured poten-
tial difference into intra-layer displacements in a simplistic 

point-like charges model (see Δd  in Fig. 1D), where each 
atom is allowed to displace from its layer’s basal plane in the 
vertical direction. Note that using the lattice site density of 

37 nmn = −2, and the on-site charge value, ~ / 2q e , for single-

layered h-BN (28, 29), our measured KPV∆  gives out-of-plane 

atomic displacement of the order of 
3

0 / 4 ~1  10KPd V nq Å−∆ = ∆ ε ×  ( 0ε  is vacuum permittivity), 

which is much smaller than the intralayer (1.44 Å) and inter-
layer (3.30 Å) spacings. This implies that the polarization is 
determined by a delicate competition between the various in-
terlayer interaction components and charge redistribution. 
Intuitively, we expect the vdW attraction to vertically com-
press the non-overlapping interfacial sites (diagonal dashed 
ellipse in Fig. 1D) closer together than the overlapping sites 
(vertical dashed ellipse in Fig. 1D), which are more prone to 
Pauli repulsion. This direction of motion, for example, re-
duces the average interlayer separation and favors Bernal (AB 
like) stacking in graphite over the AA configuration (30). In 
h-BN, however, the partial ionic nature of the two lattice sites 
(12, 31, 32) makes the fully eclipsed AA' stacking more stable 
(13). Hence, imposing a polar AB interface, as in our case, may 
favor overlapping sites of opposite charges to come closer to-
gether than the non-overlapping pairs and the polarization 
to point in the opposite direction. 

To quantify these arguments, we present a reduced classi-
cal bilayer model that captures the intricate balance between 
Pauli, vdW, and Coulomb interatomic interactions at differ-
ent stacking modes. In our model (17), the interfacial energy 
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     σ σ  = ε − +               
∑  includes a Lennard-

Jones (LJ) potential characterized by the cohesive energy, ε , 
and the interlayer spacing scale σ , and Coulomb interactions 
between the dimensionless partial atomic charges on the 

boron and nitrogen sites /iq q e= ± . Although neglecting any 

charge transfer processes between the layers that are explic-
itly taken into account in our DFT calculations, this model 
captures both the magnitude and orientation of the polariza-
tion by adjusting the ratio between ε  and Coulomb scales 

2/  q∝ ε (see fig. S11). We note that our detailed DFT calcula-

tions indicate that in bilayer h-BN the net polarization is ori-
ented as marked by the arrows in Fig. 1D. 

The permanent polarization observed in separated do-
mains, whose dimensions can be tuned by the twist-angle, 
each exhibiting a distinct and stable potential, may be useful 
in applications. To that end, however, one should identify ad-
ditional ways to control the local orientation beyond the 
twisting mechanism. Note that reversible switching between 
AB and BA configurations, accompanied by polarization in-
version, can be achieved via relative lateral translation by one 
atomic spacing (1.44 Å) as illustrated in Fig. 1A. Similar slid-
ing between different stacking configurations was recently 
demonstrated in multilayered graphene. It was shown that 
both mechanical (33) or electric perturbations (34) can push 
domain-walls, practically modifying the local stacking. In the 
present h-BN interface, however, the polar switching calls for 
a preferred up or down orientation that can be predeter-
mined by the user. To obtain such a spatially resolved control 
we scanned a biased tip above an individual domain to in-
duce a local electric field normal to the interface. The polari-
zation images before and after the biased scans are presented 
in Fig. 3. We observe a redistribution of domain-walls to ori-
ent the local polarization with the electric field under the bi-
ased tip. For example, after scanning a negatively biased tip 
above the region marked by the blue square, we observed a 
large white domain thanks to the motion of the walls marked 
by dashed red (green) line before (after) the scan. A succes-
sive scan by a positively biased tip resulted in practically com-
plete domain polarization flipping. Hence, by applying 
negative or positive bias to the tip it is possible to determine 
the polarization orientation of the underlying domain. Simi-
lar switching behavior was attained above different domains 
within the same interface and for several measured struc-
tures (fig. S12). We note that domain-wall motion is observed 
for electric field values exceeding ~ 0.3 V/nm, and when op-
erating the biased scan in a pin-point mode (17). 

Our results therefore demonstrate that the broken sym-
metry at the interface of parallel-stacked h-BN flakes gives 
rise to an out-of-plane two-dimensional polarization confined 
within a few interfacial layers, that can be locally detected 
and controlled. While the h-BN system, with only two differ-
ent light atoms, offers a convenient experimental and com-
putational testbed and allows for intuitive interpretations, 
first-principle analysis (11) predicts similar phenomena to oc-
cur in other, more complex bi-atomic vdW crystals, such as 

http://www.sciencemag.org/


First release: 10 June 2021  www.sciencemag.org  (Page numbers not final at time of first release) 4 

 

various TMDs (35, 36). Notably, the origin of the polarization 
and the sliding inversion mechanism presented herein are 
fundamentally different from the minute deformations of 
tightly-bonded atoms in common non-centrosymmetric 3D 
bulk crystals. The “slidetronics” switching involves lateral 
motion by a full lattice spacing in a weakly-coupled interface 
under ambient conditions. The associated sliding order-pa-
rameter reveals vortices patterns around the AA points (see 
Fig. 1C and Fig. 2B) with topological aspects resembling the 
hexagonal manganite system (37). Unlike the 3D manganites, 
the present 2D structure allow relaxation processes through 
the delamination and formation of bubbles, or the annealing 
of walls at the open edges (see fig. S12). In the present study, 
however, we focus on the physics away for the domain wall 
and toward the domain center, where no twist, moiré pattern, 
or strain are considered.. The sensitivity of the system to the 
delicate interplay between van der Waals attraction, Pauli re-
pulsion, Coulomb interactions, and charge redistribution im-
plies that external stimuli such as pressure, temperature, 
and/or electric fields may be used to control the polarization, 
thus offering many opportunities for future research. 

We note that (38) reports similar findings. During the re-
view process of this manuscript, similar experimental find-
ings were also reported in (39), and a ferroelectric response 
in aligned bilayer graphene was reported in (40). 
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Fig. 1. High symmetry interlayer stacking configurations. (A) Top view 

illustration of two layers. For clarity, atoms of the top layer are 

represented by smaller circles. Within each group of parallel / anti-parallel 

twist orientations, a relative lateral shift by one lattice spacing results in a 

cyclic switching between three high-symmetry stacking configurations. 

(B) Calculated local-registry index (LRI) map of the atomic overlaps, see 

(17), in a rigid structure made of two hBN layers stacked with a twist angle 

of 0.5°. Blue regions correspond to AA stacking, whereas AB/BA stacking 

appear in orange (LRI = 0.86). (C) Calculated LRI map after geometry 

relaxation of the structure presented in (B). Large domains of uniform 

untwisted AB/BA stacking appear, at the expense of the pre-optimized AA 

regions. The twist is accumulated in smaller AA–like regions and in the ~ 

10 nm wide incommensurate domain walls (bright lines), see fig. S3 and 

(17) for further discussion. (D) Cross-sectional illustration of two few-

layered flakes (blue and light blue regions marked the top and bottom 

flakes, respectively) of naturally grown h-BN (AA’), which are stacked with 

no twist. Plus (minus) signs mark boron (nitrogen) sites. A topographical 

step of a single layer switches between parallel and anti-parallel stacking 

orientations at the interface between the two flakes. Vertical charge 

displacements and the resulting net polarization Pz  are marked by 

arrows. 
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Fig. 2. Direct measurement of interfacial polarization. (A) Illustration of 

the experimental setup. An atomic force microscope is operated in Kelvin-

probe mode to measure the local potential modulation, KPV , at the surface 

of two 3 nm thick h-BN flakes, which are stacked with a very small twist 

angle. (B) KPV  map showing oppositely-polarized domains of AB/BA 

stacking (black and white), ranging in area between ~0.01 and 1 µm2 and 

separated by sharp domain-walls. (C) Surface potential measured along 

the purple line marked in (B) by first-harmonic KPFM. (D) DFT 

calculations of the polarization, zP , per unit area obtained for finite h-BN 

bilayer flakes of different lateral dimensions (1.1 and 2.9 nm2, black 

triangles) and for laterally periodic stacks made of 2-10 layers (marked as 

PBC, green square). The red star marks the polarization value evaluated 

from the measured Δ KPV  data. (E) Calculated polarization for different 

interlayer shifts. 
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Fig. 3. Dynamic flipping of polarization orientation by domain-wall sliding. Kelvin-

probe maps measured consecutively from left to right above a particular flake location 

showing domains of up (white) and down (black) polarizations. The middle image was 

taken after biasing the tip by a fixed DC voltage of -20 Volts and scanning it above the 

blue square region shown on the left-hand image. Then the tip was biased by 10 Volt and 

scanned again over the same region before taking the right-hand image. Consecutive 

domain-walls positions are marked by dashed red, green, and yellow lines. Larger white 

(black) domains appear after positive (negative) bias scans as a result of domain-wall 

motion beyond the scan area. Note that the number of domain-walls is apparently not 

altered. 
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