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Materials and methods

a) Device fabrication

h-BN flakes of various thicknesses are exfoliated onto a SiO, surface. A particular flake, 1-10 nm thick, is selected to
have several topographic steps. AFM is used to scan the flake’s topography to distinguish the parts made of even or
odd number of layers. Subsequently, the flake is ripped off into two pieces, which are stacked together by a polymer
stamp (42). We control the twist angle during the stamping process (0° or 180°) to determine the parallel/antiparallel
interface orientations at different locations along the flake, based on the even/odd topography. Finally, the two-flakes-

sandwich is placed on a graphite flake, Si\SiO; or a gold substrate.



b) AEM measurements

Topography and Kelvin probe force microscopy (KPFM) measurements are acquired simultaneously (see Fig. S2),
using Park System NX10 AFM in a non-contact scanning mode. The electrostatic signal is measured in the first
harmonic or a sideband frequency using a built-in lock-in amplifier as detailed below. We use Multi-75g and PPP-
EFM n-doped tips with a conductive coating. The mechanical resonance frequency of the tips is ~75 kHz, and the
force constant is 3 N/m. The cantilever oscillates mechanically with an amplitude ranging from 20 to 5 nm. In several
experiments, the average height above the surface, h, is controlled via a two-pass measurement. The first pass records
the topography, whereas in the second pass, the tip follows the same scanline with a predefined lift (typically 5-50
nm) and measures the KPFM signal. In these two-pass experiments, we made sure to extend the lift beyond the
mechanical oscillation amplitude. The cantilever is also excited with an AC voltage to perform KPFM measurements
via first-harmonic, sideband, and open-loop methods (described below), with an amplitude of 1-6 V and frequency of
3-17 kHz. In the closed-loop measurements, the DC voltage is controlled by a servo motor to obtain the surface
potential measurements. The images are acquired using Park SmartScan software, and the data analysis is performed
with Gwyddion program.

To switch the domain orientation, biased scans are performed in a pin-point mode. Here, the tip approaches the surface
vertically at each pixel in the scanned area. The estimated maximum force during this approach is 50nN. This mode
minimizes lateral forces between the tip and the surface. We performed biased scans in different orientations (from

right to left, up to down, and vice versa).

c) Kelvin-probe surface potential measurements

First harmonic measurements

The applied voltage on the tip consists of DC and AC components. The voltage difference between the tip and the
substrate electrode is given by (43) :

V = Vpc + Vac sin(w,t) + Vepp, (S1)
where Vepp is the contact potential difference originating from the different work functions of the tip and the substrate

plus the voltage drop at the h-BN interface. The force acting on the tip is:

= _g_lzj = _% G CVZ) =K+ Fy,, — Z_Z(VCPD + Vpc)Vac sin(wet), (S2)
where U is the electrostatic energy, z is the distance between the sample and the tip, C is the capacitance, F; is a static
component and F,,,, is the second harmonic oscillation of the force. This claim holds assuming the sample is neutral
and the field outside the sample due to the charge distribution in the sample is zero. The first harmonic of the force
vanishes for V. = —Vpp. Hence, the principle of this KPFM mode is to apply a closed-loop DC voltage (Vp) that

nullifies this term. This DC voltage is recorded and plotted in Fig. 2B.

Sideband measurements

The scanning tip is composed of the conducting apex, a cone, and a cantilever. The latter two

interact electrically with the surface on many-micrometer scale, average V.p, and therefore



suppress its variations measurements in the first harmonic. To gain a more localized response, one
may use the shifts at the mechanical resonance of the tip. The distance between the sample and the
tip is typically dominated by mechanical oscillations: z = h 4+ A, cos(w;,t), With w,, > w, is the
mechanical frequency and A4,, is the corresponding amplitude. Evaluating Eq. S2 up to the second
derivative of C (or, up to the force gradient), creates additional mechanical response at a sideband
frequency (w,, + w,) (44). This higher derivative term is enhanced for the electrode parts with the
smallest z, making the sideband signal mostly affected by the apex (which is the closest part to the
surface). Similarly, to the first harmonic, the sideband term is also proportional to Vepp + Vpc.
Thus, by nullifying the sideband response with a closed-loop DC voltage Vj, one can measure

the local surface potential (45).

We note that we only analyze the potential drop between two adjacent and uniform domains. Any
global external contribution hence, should underestimate the measured AVyp value. Indeed, we
find a reduced value of AVxp~110 mV, measured by the first harmonic response (See Fig. 2C),

while the sideband measurements suggest values in the range 200 — 230 mV (see Fig. S1).

d) Model system and classical force-field calculations

To study the structural properties of twisted h-BN interfaces we constructed a model system consisting of two h-BN
layers with an interlayer misfit angle of ~0.5°. To mimic the experimental scenario, a laterally periodic supercell was

constructed with a triangular lattice of periodicity L = |nd, + md,|, where the primitive lattice vectors are given by

d, = apsy(V3,0)and d, = a”;"’ (v/3,3), and the lattice constant, a,zy = 2.505 A, is obtained from the equilibrium

boron-nitrogen bond-length used in the Tersoff potential, bzy = 1.446 A. The indices n = 195 and m = 1 were

chosen to fulfill the condition:

2n?-m?+2n-m
2(m24+m2+n-m)’

cos(0) = (S3)

bpn

v 2—2cos(0)
multiplicated to construct a rectangular supercell consisting of more than 300,000 atoms.

The corresponding moiré pattern dimension is L = = 16.3 nm. The parallelepiped supercell was then

The structural properties of the twisted h-BN interface were calculated using the Tersoff (46) intra-layer potential in
conjunction with the recently developed dedicated interlayer potential (ILP) (18).

We first optimized the geometry of the top layer atoms with fixed supercell size using the Fire algorithm and keeping
the bottom layer rigid. This was followed by optimization of the supercell dimensions by the conjugate gradient (CG)
algorithm while scaling the rigid bottom layer according to the simulation box size. This two-step energy minimization
procedure was repeated ten times, which is sufficient to obtain well converged results (see Fig. S3C). In each

repetition, both minimization stages were terminated when the forces acting on each degree of freedom reduced below



1073eV /A. The system was further relaxed by the Fire algorithm at a force tolerance of 10~*eV /A. The optimized
structure exhibits atomic reconstruction with distinct AB and BA stacking domains separated by domain walls (see
Fig S3A).

e) Local registry index analysis

The local registry index (LRI) (see Fig. 1D) is a method introduced to quantify the degree of local interfacial registry
matching at rigid material interfaces (31, 47). The idea is to assign a number between -1 and 1 to each atom in the
layer, signifying whether it resides in an optimal or worse stacking region, respectively. To this end, a circle is
associated with each atomic position in the two layers and the overlaps between circles of one layer and those of the
adjacent layer are evaluated. For the case of h-BN three types of overlaps are considered, namely SNV, SNE = S5V,
and SPB. Here, S{Ksignifies the overlap of the circle associated with atom i of type J in one layer with all circles
associated with K type atoms in the adjacent layer. The radius of the circles associated with B and N atoms is taken
as rg = 0.15b;,5y, and ry = 0.5b;5y, Which provides good qualitative agreement between registry index maps and
sliding potential energy surfaces obtained from density functional theory calculations (31). The LRI of atom i is then
defined as the average registry index of itself and its three nearest neighbors (j, k, I) within the entire layer, as follows:

LRI; =
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where S7°P¢ and $/¥"°"* are $/ are evaluated at the optimal and worst local stacking modes, respectively (AA'
and AA in the case of h-BN, respectively, see Fig 1A of the main text). The calculated LRI; is then transformed by
—(2LRI; — 1) to make it range be between [-1, 1]. With this, the LRI at an AA' (AA) stacked region is 1 (-1)
respectively, and that of an AB stacked region is 0.86.

Plotting the LRI following geometry relaxation as discussed above (see main text Fig. 3D) we found an ordered array
of AB and BA stacked domains separated by sharp domain walls. To estimate the width of the domain-wall region,
we plotted a cross section of the out-of-plane height profile (see Fig. S3D) along the path marked by the dashed black
line in Fig. S3B. A clear inverse correlation between the height map (red line) and the registry index (black line) is
obtained. At the AB and BA stacked regions the interlayer distance is relatively constant at ~3.23 A and
correspondingly a relative constant value of LRI ~0.86 is obtained. At the center of the domain wall, the interlayer
distance increases by ~0.05 A and the LRI reduces to ~0.67, whereas at the domain wall crossings the interlayer
distance reaches ~3.57 A and the LRI drops to ~-0.93. Using a Gaussian fitting to the height profile near the domain

wall we can estimate the domain wall width to be ~10 nm.

f) Dipole moment calculations

1. Finite systems calculations

To evaluate the dipole moment developing in the system we first considered a finite AB stacked hexagonal h-BN
bilayer model with a surface area of 1.1 nm? and armchair edges. The flake was initially constructed with uniform B-

N bond lengths of 1.446 A and the edges were saturated by hydrogen atoms with initial B-H and N-H bond lengths of



1.200 A and 1.020 A, respectively (see Fig. S4A,C). The structures were optimized using density functional theory
(DFT) calculations applying the hybrid B3LYP exchange-correlation density functional approximation and the
double-( polarized 6-31G** Gaussian basis set (48) as implemented in the Gaussian 16 suite of programs (49). This
was followed by refined relaxation adding Grimme's D3 dispersion correction (50) and using the 6-31+G** basis set.
Finally, single point calculations were performed on the minimized structures at the B3LYP/6-31+G** and
B3LYP/Def2TZVP (51) level of theory. Comparison of the out-of-plane dipole moment components obtained using
the three basis sets is provided in Table S1, showing that our results are well converged with respect to basis set size.
The value calculated by Def2TZVP was used in Fig. 1C in the main text. Table S1, displays also the in-plane dipole
moments, which are found to be an order of magnitude lower that the corresponding out-of-plane component.

To verify that the flake size used is sufficiently large, we repeated the dipole moment calculation for a bilayer flake
with surface area of 2.9 nm?2. As can be seen in Table S1 the obtained values are within 20-25% with those of the
smaller flake. This indicates that the qualitative nature of the system’s polarization is already captured at the smaller

flake size, however, for quantitative analysis, larger systems or periodic boundary conditions calculations are require.

Table S1. The dipole moment calculated for the finite flake models along the out-of-pane (B,), and in-plane (B, and

P,) directions.

2
Dipole moment (Debye/nm )

2 6-31G** 6-31+G** Def2TZVP
Area (hm)
P, P, P, P, Py
1.1 0.66 0.55 0.55 0.0 0.044
Double
layer
2.9 0.52 0.45 0.45 -0.0006 0.046

2. Periodic structure

2.1 Geometry optimization.

Based on the finite system calculations we repeated the dipole moment calculations in periodic bilayer and multilayer
systems. For the bilayer systems, we chose a unit cell consisting of two nitrogen and two boron atoms stacked at
several stacking modes. The geometry of the initial structure was optimized using the Vienna Ab-initio Simulation
Package (VASP) (52) with the Perdew-Burke Ernzerhof (PBE) exchange-correlation functional approximation (53).
Three-dimensional periodic boundary conditions were applied using a 10 nm vacuum gap in the vertical direction to
avoid interactions between adjacent bilayer images. The core electrons of the boron and nitrogen atoms were treated

via the projector augmented wave (PAW) and pseudopotential approach (54). The van der Waals interaction was



incorporated via the many-body dispersion (MBD) approach (55). During optimization, both the cell box and the
coordinates of the ions were allowed to relax, while keeping the size of the vacuum fixed. The energy cut-off was set
to 850 eV during geometry optimization. The conjugate-gradient algorithm was applied with a force tolerance of 0.01
eV/A. The Brillouin zone was sampled with a Gamma-centered 15x15x1 k-mesh.

Convergence tests with respect to the vacuum size, energy cut-off, and number of reciprocal space k-points indicate
that our choice of parameters leads to total energies converged to within 0.005, 0.0003, and 0.0002 eV with respect

to the vacuum size, energy cutoff, and number of k-points, respectively (see Fig. S5).

2.2 Dipole moment.

The dipole moment of the bilayer system at various stacking modes was evaluated using three methods: (i) the Berry
phase method implemented in VASP to circumvent the effect of the vertical periodic boundary conditions; (ii)
integration of the charge density differences between the bilayer system and the individual layers, which are non-polar
in the vertical direction. To this end, the charge density differences were first integrated over the lateral directions, the
result was then multiplied by the z-coordinate value and integrated vertically; (iii) using the Gaussian 16 package (49)
that evaluates the dipole moment with two-dimensional periodic boundary conditions, thus avoiding the need for Berry
phase corrections. Here, single-point calculations on the optimized structures obtained using VASP were performed
with the PBE functional and the triple-¢ pob-TZVP basis set with a uniform 10x10 k-point mesh to obtain converged
electron density and dipole moment. The direct comparison between the three approaches is discussed in section f2.3.
The consistency of our results is verified by the fact that the dipole moments evaluated via the periodic boundary
conditions calculations are comparable to those obtained for the finite flakes (see section f1 above and Fig. 1C of the
main text). Furthermore, a clear trend of reduction of the out-of-plane polarization with system size (probably due to
reduced contribution of charge polarization at the edges - see Fig. S4B and D) is found where the value obtained using
periodic boundary conditions calculations are in good agreement with the experimental value measured for extended
micrometer-scale domain regions (see Fig. 1C of the main text).

To characterize the stacking mode dependence of the polarization (see Fig.1 of the main text), the top layer of the
bilayer h-BN was shifted along the armchair direction with steps of 0.2 A, starting from the optimized AB stacking
configuration going through the AA and BA stacking modes and arriving back at AB stacking. At each relative
interlayer displacement the in-plane coordinates of the ions were fixed, and their out-of-plane coordinate was allowed
to relax following the procedure detailed in section f2.1 above. For comparison purposes single-point rigid shift
polarization calculations were also performed by fixing the interlayer distance at 3.3 A completely neglecting atomic
relaxation effects. The results presented in Fig. S6 demonstrate that the calculated polarization in practically

insensitive to out-of-plane atomic relaxation effects.

2.3 Stack thickness effect.
Since the experimental measurements are performed on multilayer h-BN stacks, we explored the thickness effect on
the calculated polarization of AB-stacked h-BN (Fig. S7A) using the three different methods described in section 2.2

above. To this end, we constructed multilayer h-BN models, where the entire structure is stacked in the AA' stacking



mode, apart from one AB stacking fault introduced between the two central layers, such that the numbers of layers
above and below the stacking fault are the same. The results from VASP (both the berry phase method and integration
of charge density difference) shows a slightly increase of p, with the thickness, which is mainly due to reduction of
the vacuum region with increased model thickness. The change of p, as a function of the vacuum size calculated by
berry phase method for bilayer h-BN is plotted to support this statement (see Fig. S7B). The results calculated by
Gaussian presented in Fig. S7A and C show that the out-of-plane polarization and potential drop between the upper
and lower surfaces are nearly independent of the number of layers (for both rigid and flexible shifts — see section 2.2
above) indicating that the main contribution to the system's polarization originates from the AB stacked interface. This
is further supported by the charge density differences (with respect to the individual layers) analysis along the out-of-
plane direction presented in Fig. S7D. The charge variations are found to mainly occur at the central AB stacked h-
BN interface, regardless of the number of layers in the system. The profiles shown here are consistent with the
qualitative behavior appearing in recent publications (56). We note that the polarization reported herein is about half
of the values presented in these references for an h-BN bilayer (11, 56). This might be attributed to differences in the
calculation parameters, such as the vacuum size and reciprocal-space sampling (which we have carefully tested for
convergence, see section f2.1 above) or the use of vdW correction along the out-of-plane direction. A more detailed
representation of the charge density differences is given in Fig. S8, where a two-dimensional cross section along the
(110) crystallographic direction of the AB stacked bilayer h-BN is presented. Charge tends to accumulate atop the
nitrogen ions that reside above hexagon centers of the adjacent layer. It is this charge redistribution that produces the
intrinsic out-of-plane dipole moment of the system.

To further support our claim that the polarization originates from the AB stacked interface, we constructed multilayer
structures in which all adjacent layers are AB stacked. The calculated out-of-plane polarization of the system as a
function of number of layers is presented in Fig. S9 (red squares). The results of Fig. S7A are presented as well (red
circles) for comparison purposes. We find that the dipole moment of the fully AB stacked multilayer scales linearly
with the number of layers, where the slope is given by the polarization of the bilayer model. This proves that indeed
the polarization originates from the AB stacked interface and offers a simple route to increase the magnitude of the

polarization of the system.

2.4 Effect of external electric field.

To evaluate the effects of the electric fields applied perpendicular to the layered interface in the experimental setup,
we performed DFT calculations on the AB-stacked double layer h-BN under electric fields in the range 0.01 to
0.1 V/nm, relevant to the experiment. The field was applied perpendicular to the interface in both the positive and
the negative directions. At each field, geometry optimization was performed following the procedure detailed in
section f2.1. The field induced dipole moment (obtained using method (iii) of section f2.2), total energy, and interlayer
distance variations are presented in panels A and B of Fig. S10. The results show that positive electric fields result in
reduction of the perpendicular dipole moment accompanied by slight destabilization of the double layer structure and
increase of the interlayer distance. This agrees with our finding of a permanent dipole moment appearing at AB stacked

h-BN interfaces even in the absence of external fields.



g) Minimalistic classical cohesive energy model

1. Model description

Our minimalistic model provides a classical estimate of the out-of-plane polarization of the AB bilayer interface
treating the boron and nitrogen atoms as point charges (see Fig. S11A,B), interacting via Pauli and van der Waals
(\Vdw) forces (described by the Lennard-Jones (LJ) potential), and Coulomb interactions. The total interlayer energy

=tmfoe((5)" - (2)) - 2]

where ¢ is the cohesive energy with ¢ =3.3 A. We note that realistic models of h-BN should take atom specific & and

is written as follows:

o values. Here, however we are interested in a qualitative description of the system and hence, for simplicity, we limit
the treatment for uniform parameter values. The differences in electronegativity of the boron and nitrogen atoms are
effectively taken into account by assigning dimensionless partial charges located at the nuclear centers g = +q; /e for
i € B, N respectively. The parameter g2 /eo controls the relative strength between the Coulomb and LJ interactions.
As we will demonstrate, this competition determines the sign of the polarization at the AB interface. We denote by o
the atomic sites in one layer that reside above hexagon centers in the other layer (termed herein as hollow sites).
Correspondingly, 8 denotes atomic sites in one layer that reside above oppositely charged sites on the adjacent layer
(termed herein as eclipsed sites). In each layer we use h, or hg to denote vertical heights of a and  atomic sites,
measured with respect to the midplane of the AB interface. To compute the polarization, we minimize the classical
energy with respect to h, and hg, via an approximate two-step protocol:

1. First, we set h, = hg = h/2 and minimize the interaction energy with respect to h.

2. Then we allow for finite relative vertical motion of B-N pairs around the optimal h value 2Ad = h, — hg, which

generates the polarization. Note that no lateral atomic motion is allowed.

2. Optimal interlayer spacing at the AA' stacking mode

As a reference, we first consider two h-BN layers in the AA' stacking configurations with h, = hg = h/2. The total

force per atom is:

dE . (h)
Fan (B) = ——24—= Fo. +Ffy (S6)
The Coulomb contribution can be written as Fc,, = —F& + F5 (with FS, FS > 0), where
C _ R e?h C _ R e?h
Fll(h) - ZRM (§%1+h2)3/2 ’ Flz(h) - ZR12 (§%2+h2)3/2. (87)

Here, R,; = ﬁmm denote in plane lattice vectors connecting equivalent atoms, namely Bravais lattice vectors, and
ﬁlz = ﬁm,nz — XR, denote in plane lattice vectors connecting inequivalent atoms, where XR,, is a vector connecting

nearest-neighbors. The corresponding Bravais lattice vectors of the honeycomb lattice are given by ﬁnl,nz =R, +

n, R,, and ﬁu =R, (z, + g), with Ry = 1.4 A. Quick convergence of F£,. is guaranteed if for any pair of integers

ny, n, the term ES, (h) is combined with FS, (k) calculated for —n,, —n, and the sums are taken over the range —n,,, <



ny,n, < n,, with sufficiently large n,,. The force then converges as 1/nZ, (not shown) in Fig. S11C. Notably, the

attractive force e?/h? associated with a single vertical bond is strongly suppressed due to the alternating charges

2
within the layer and the small ratio R,/h. This reduces the bare Coulomb interlayer energy % ~ 4.3eV into the meV

regime, comparable with the VdW scale ¢ (57).

Similarly, the LJ force can be splitas F,%, = E- + F, where

12 6 12 6
FLJ h) =4y - 1207°h  60°h ’ FL] n) = 4g T 120"*h  60°h (S8
11 () 2R, ((ﬁ%1+h2)7 Fone) 15 (D) 2R, Gy ) (S8)

The zero-force condition yields the optimal interlayer distance h, marked in Fig. S11D by solid lines. As shown, h

decreases upon decreasing the Lenard-Jones energy scale & with respect to the Coulomb energy.
We note that a reasonable approximation for ng (h), for small R,/h, consists of treating the particles as a uniform

mass distribution, i.e. replacing the sum over R by integration, yielding

L L _ 32m gl2  g®
Fcontinuum (h) - Rol/l};n_,o Ft = 3V3R3 h (ﬁ - F) (89)

3. Optimal interlayer spacing at the AB stacking mode

Now consider two h-BN layers at the AB stacking configuration. The corresponding interlayer force can be written as
Fug = Efg + E£5. The unit cell consists of two types of atomic sites, one type where atoms of the two layers reside
atop of each other (eclipsed) and the other type where an atom of one layer resides atop a hexagon center of the other
layer (hollow sites). Note that the Coulomb contribution of the hollow sites vanishes due to symmetry considerations.
Hence, we only have the Coulomb contribution from the eclipsed atomic sites. Since the latter have the exact same

configuration in the AA' and AB stacking modes (see Fig. S11A) the overall Coulomb force contribution per atom in

the AB stacking mode is half of that in the AA' mode, F$; = iFACA,.

For the VAW part, similar to the AA' stacking case, the eclipsed atomic sites give £ + F.5 of Eq. S10, whereas the

hollow atomic sites give 2FlL2’ due to the unique symmetry of the AB stacked bilayer hexagonal lattice. Therefore, in

L], L] LJ LJ L]
total we obtain for the LJ force contribution per atom that F,J = % + ZF% = F171 + 3'% The zero-force condition

yields the optimal AB stacking interlayer distance, marked by the dashed gray line in Fig. S11D. Similar to the case
of AA' stacking mode, h decreases upon decreasing £/q2. Note, however, that while h (AA") > h (AB) for large /g

the situation is inverted for qiz < 1.5 meV. Specifically, when g — 0 our model corresponds to the case of graphite

with optimal AB stacking mode.

4. Relative vertical displacement

On top of the interlayer spacing, we now allow a small opposite motion of the hollow site (&) and eclipsed site (8)
atoms:
he =h/2+Ad, hg=h/2—Ad, (S10)



as marked in Fig. S11B. We now analyze the total energy of the system as a function of Ad, via the Harmonic

2
approximation E = const + (d(dAEd))Aa—o Ad +%(d?A¢f)Z)Ad_O Ad? around Ad = 0. The assumption that Ad < R,

can be justified by the experimental estimate of Ad~10~3 A (see main text). Our simple model considered here, similar

to an Einstein model for lattice vibrations, assumes that the Ad coordinates are independent Harmonic oscillators with

2
spring constant Ky, = d?A—zf)Z' Crucially, Ad = 0 is not a minimum due to the reduced symmetry of the AB interface,

with alternating eclipsed and hollow sites, which imposes a finite normal force (per atom) of:

dE
Faa = - a(ad)

=F{,+FJ , (S11)
where F£, and F,’ are defined as the relative displacement force contributions of the Coulomb and LJ terms. Note
that F,4 is the difference between the forces acting on the eclipsed versus the hollow sites.

Since, for Ad = 0, hollow site atoms see a locally charge-neutral configuration on the other layer the Coulomb part
of this linear force originates only from the eclipsed atomic sites. For the latter, the atom in the upper layer is attracted
to the one residing exactly below it in the other layer. However, it is repelled by its next nearest neighbors in the other
layer, and so on. When performing the entire lattice sum for the eclipsed site we obtain that the overall force is always
attractive:

FA () -F5 1)

FE, = . > 0. (512)

On the other hand, the LJ potential, which can be written as the difference between the hollow site (2F1L2’ (h)) and the

eclipsed site (FlLlj(h) +F1L2](h)) contributions yields a repulsive force per atom near the equilibrium interlayer

distance:

LJ LJ LJ L] L]
L 2F5 (h)  Fyd(W+F 2 (h) Fy3 (W=Fpj (h)
FA(Ji — 122 _ M3 212 — M2 211 < 0. (513)

This signifies that at the equilibrium interlayer distance, the eclipsed site contribution is more repulsive than that of
the hollow site counterpart, mainly due to the fact that the eclipsed atoms are forced to reside within the steep Pauli
repulsion wall side of their pairwise interaction.

Overall, from Egs. S11, S12 and S13 our crude estimate yields

C C LJ L]
Ad ~ Faa _ (F11(h)—F12(h))+<F12 (M-Fi1 (h)). (S14)

Kad 2KpAd

Kaq In EQ. (S14) can be evaluated from the model parameters (see next section). Nevertheless, for simplicity we take
it to be equal to the corresponding out-of-plane force constant in graphite Ky;~5 N/m (58).
The resulting relative displacement is plotted in Fig. S11E versus £/g2. Crucially, it changes sign when eq¢ = q—gz ~

3.5 meV. The experimentally measured voltages indicate that Ad in AB stacked bilayer h-BN is of the order of 1073 A

(see main text) and our DFT calculations indicate that it is positive suggesting that qiz ~3 meV (see Fig. S11E), similar

to expected values (57). Notably, other layered materials, which possess different effective ¢ and or g values may

show different quantitative and even qualitative polarization.



Finally, it should be noted that our simplistic classical approach is sufficiently flexible to allow the study of additional
effects, such as the dependence on the number of layers as well as external perturbations like pressure or electric field,

as well as an additional in-plane component of the polarization, which we leave for future work.

5. Analytic estimate of the normal spring constant

To determine Ky, = we note that it has contributions from the interlayer LJ and Coulomb forces, as well as

(A )2'
from the intra-layer forces. Its interlayer LJ contribution is obtained from the corresponding contribution to the energy
EY(Ad) = % [y (h) + VY (h—2ad)] + % [y (h) + V5 (h + 2Ad)]. The first (second) term represents the
12 6

interaction of atoms at eclipsed (hollow) sites, and V;7,,) () = 4e Xz, . ((42 z T @ z 2)3). One can
Ri1az)th Rijaz)th

obtain a good approximation for the spring constant ( a’E ) by replacing the sums Zﬁn(m by integrals, as

d(ad)?

in FX/

continuum

(h) . This procedure yields:

641

Ly _
Ky; = R &

(S15)

For e=3meV this yields a spring constant of KAL‘{Z = 3 N/m. While additional contributions are expected from intra-
layer interactions, as well as Coulombic inter-layer interactions, this value is comparable with the measured out-of-

plane force constant in graphite K,;~5 N/m (58). Since Eq. S15 captures the order of magnitude of K,,, we can use

Kag = €-a, with a factor of order unity a~§, and obtain an approximate expression for the relative

\/—R2

2 (FE (-FSm)+(FY m-rH ()
displacement, see Eq. (S14), fully in terms of our model's parameters, Ad ~ IF(A—d = % (<6 = )45 = = )
Ad
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Fig S1. Quantitative sideband KPFM measurements. (A) Map of the surface potential in
parallel stacked h-BN, measured from the response at a frequency of 68 kHz. The tip's mechanical
resonant frequency is 71 kHz, and the electrical frequency is chosen to be 3 kHZ. The h-BN
sandwich is 11 nm thick above the graphite substrate. (B) Surface potential along the green line
marked in A. The blue line was taken in a single pass, whereas the red line was measured in a
two-pass mode, with a lift of 20 nm above the first pass height. (C) AVgp (as marked in B) for

different lifts.



KP Potential Topography

Fig S2. Topography maps and additional samples. (A, B) Surface potential and topography
maps measured simultaneously on the structure presented in the main text (Fig 2B). The top h-BN
flake thickness is uniform and includes 10 layers. Topography steps in the surface of the bottom
flake are marked by dashed red lines, and its total thickness at different positions is indicated. (C,
D) An additional interface between a thick (>1000 layers) bottom flake and a thin (4-7 layers) top
flake. Similar potential drops between the domains are observed independent of the thickness of
the structures or the substrate: graphite (SiO2) in A (C), respectively.
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Fig. S3. Geometric relaxation of the Moiré pattern; (A) Atomic configuration of a relaxed periodic twisted bilayer
h-BN with a twisted angle of 8 = 0.5°. The size of the entire model system is 48.9 nm x 84.7 nm. B and N atoms are
colored by ochre and blue, respectively. Distinctly colored AB and BA domains are obtained since atoms of the upper
layer hide those of the bottom layer that reside exactly below them. (B) Interlayer distance map for the relaxed twisted
bilayer. (C) The energy variation during the minimization cycles applied to the model system appearing in panel (A)
plotted relative to the initial energy. The first ten points represent cycles with force tolerance set to 10~3eV/A and the
last point corresponds to the final minimization step with force tolerance of 10~*eV/A. (D) Interlayer distance (red)
and local registry index (black) calculated along the path marked by the black dashed line in panel B. The reference
LRI values of the AA and AB/BA stacking modes are -1 and 0.86 (marked by the corresponding horizontal lines).
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Fig. S4. Charge distribution maps. (A) Top view of the relaxed AB stacked hydrogen terminated finite bilayer h-
BN flake of 1.1 nm? contact area. Pink, blue and white spheres represent boron, nitrogen, and hydrogen atoms,
respectively. (B) The electron density difference (with respect to the isolated single-layered flakes) of the structure
presented in (A) calculated at the B3LYP/Def2TZVP level of DFT theory. The blue and red color represent charge
accumulation and depletion, respectively. The isosurface value is 2.3 x 10~ e/A3. (C) and (D) are same as (A) and

(B) but for the 2.9 nm? contact area system, respectively.
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Fig S5: Convergence tests. Convergence tests of the total energy following geometry optimization as a function of

(a) vacuum size; (b) energy cutoff; and (c) number of k-points.
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Fig S6: Polarization as a function of lateral interlayer shift. The out-of-plane polarization of bilayer h-BN as a
function of interlayer displacement as calculated using the Gaussian package at the PBE/pob-TZVP level of theory

for rigid and vertically flexible systems. The corresponding stacking modes are marked in the figure.
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Fig S7: Polarization dependence on the number layers (a) The out-of-plane polarization as a function of the total
number of layers calculated using three different methods (see section f.2.2): (i) the berry phase method in VASP with
a 10 nm vacuum size (red); (ii) integration of charge density differences (yellow); and (iii) the Gaussian package at
the PBE/pob-TZVP level of theory (blue). The multilayer system includes an AB stacked interface surrounded by two
AA’ stacked slabs (see text for full description). (b) The out-of-plane polarization as a function of vacuum size
calculated by VASP for bilayer h-BN. (c) The electrostatic potential drop between the upper and lower surface as a
function of number of layers. (d) The laterally summed charge density differences (with respect to the individual layers
charge density) as a function of the vertical position (z) for several multilayer h-BN models ranging from the bilayer
(red) to a 10-layer (gray) system. Zero vertical coordinate signifies the midpoint between the AB stacked central

layers. The black dashed lines show the position of the AB stacked bilayer.
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Fig S8: Charge redistribution: A two-dimensional cross section through the charge density differences (with respect
to the individual layers) along the (110) crystallographic direction of the AB stacked bilayer h-BN calculated using
VASP with the PBE density functional approximation.
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Fig. S9. The out of plane polarization of an AB stacked multi-layer system. The out-of-plane polarization as a
function of number of layers for the fully AB stacked multilayer system (black squares) compared to the results
presented in Fig. S7A above (red circles). The polarization was calculated using Gaussian.



3.3215
0.330 ™ 0.010 .
/: <
& 0.325- = 0.005 4 @
E § .\//,/’ 13.3210 é
=]

D 0.320- - 8 0.0004 N 0
Fy - % "\ / T
[T] 3 .,0 -
0O 0.315- — -0.005 1
~ w ° 13.3205 %
o < /) =
0.310 -0.010 :/ 2
£

0.305 . . ‘ . -0.015 -1 ‘ ‘ . 3.3200

-0.10  -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10

Electric field (V/nm) Electric field (V/nm)

Fig. S10. External electric field effects. Field induced dipole moment (A, obtained using method (iii) of section
f2.2), total energy, and interlayer distance (B) variation with an external electric field applied perpendicular to the

interface of an AB stacked bilayer h-BN.
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Fig S11: Classical cohesion model. (A) Top view of AB (left) and AA’ (right) stacked bilayer h-BN. The top (bottom)
layer atoms are marked by small (large) circles. Lattice sites that participate in the forces Fy; (1, in Eq. (S7, S8) are
marked by dashed green (solid red) arrows, respectively. Similar to AA', the eclipsed atoms in AB experience both
forces, however, the hollow atoms include only F;, (twice). Also, note the zero Coulomb force in the latter case due
to opposite charges of yellow/blue sites. (B) Cross-section of AB stacked bilayer h-BN along the dotted black line
marked in (A). a(B) indicates hollow (eclipsed) sites, respectively. (C) Convergence of the total interlayer Coulomb
force for h = 3.3 A with the number of Bravais lattice vectors (n,,) in the summation in Eq. (S7, S8). (D) Inter-layer
spacing (h) calculated for AA' (solid lines) and AB (dashed lines) stacked bilayer h-BN, for different fixed values of
cohesion / Coulomb ratio £/q?. Black lines with ¢ = 0 correspond to graphite and show smaller h for AB than AA'
stacking as expected, while orange lines with qiz = 1.5meV show the opposite, as expected for h-BN. (E) Intra-layer

displacement (marked in B) as a function of £/q2. The estimated value from the experiment is marked by a red star,

suggesting £/q%~3 meV.




Fig. S12. Additional examples of domain-wall sliding due to biased tip scans. Consequent
KPFM images from the left- to the right-hand side of the same flake location. (A) A biased tip
(10 V) was scanned above the region marked by a blue square. Positive tip bias resulted in
domain-wall motion that increased the white domains area over the black domains and vice versa.
The h-BN sandwich thickness is 14 nm above the graphite substrate. (B) A similar example with
a tip biased £4 V and h-BN thickness of 11 nm (see red arrows). Note the hybridization of domains
at the green arrow position after the first scan. The expanding and narrowing of the domains does
not depend on different scanning directions (up to down, left to right, and vice versa). The
minimum flipping electric field measured is 0.3 V/nm.
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