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ABSTRACT: In twisted layered materials (t-LMs), an interlayer Derecrop
rotation can break inversion symmetry and create an interfacial array '
of staggered out-of-plane polarization due to AB/BA stacking
registries. This symmetry breaking can also trigger the formation of
edge in-plane polarizations localized along the perimeter of AB/BA
regions (i.e., saddle point domains). However, a comprehensive
experimental investigation of these features is still lacking. Here, we
use piezo force microscopy to probe the electromechanical behavior
of twisted hexagonal boron nitride (t-hBN). For parallel stacking
alignment of t-hBN, we reveal very narrow (width ~ 10 nm) saddle
point in-plane polarizations, which we also measure in the antiparallel configuration. These localized polarizations can still be
found on a multiply stacked t-hBN structure, determining the formation of a double moiré. Our findings imply that
polarizations in t-hBN do not only point in the out-of-plane direction but also show an in-plane component, giving rise to a
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much more complex 3D polarization field.
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and valley polarizations® are key for device perform-

ance optimizations.” As Moore’s law approaches its
physical limits," the need for miniaturized nanoelectronics,®
involving high-density integrated circuits and low power
consumption’ has triggered research into layered materials
(LMs),”® in order to reduce polarization domains from the
100 nm? scale down to the atomic scale.” Room temperature
out-of-plane ferroelectricity offers a wide range of technological
applications, such as ultrathin nonvolatile memories’ and high-
permittivity dielectrics.”'® However, only few suitable ferro-
electric LMs have been identified so far, like CulnP,S,""
In,Se;,'”"? MoTe,"* and WTe,"” in their 1T phase.

In other widely studied LMs, such as hexagonal boron
nitride (hBN) and 2H-type transition metal dichalcogenides
(TMDs), vertical polarizations cancel out,'® due to the
centrosymmetric lattice structure, which makes these crystals
unpolarized. A possible way to engineer polarization in these
LMs is to break the inversion symmetry by introducing a twist
angle, Oy, between top and bottom layers,'*™'® determining a
periodic modulation of the interlayer atomic registry, ie., a
moiré superlattice. In twisted hBN (t-hBN) structures the
interfacial vertical alignment of the N and B atoms distorts the
bonding 2p, N electronic orbital,'” locally creating an electric
dipole moment that leads to a moiré superlattice characterized
by adjacent domains with out-of-plane (OOP) polarizations

T he detection and manipulation of electric,’ magnetic2
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pointing in opposite directions.'®”'" Refs 18, 20, and 21
predicted that in-plane (IP) polarizations can also appear at the
moiré domains’ edges of t-hBN (with clockwise or anticlock-
wise orientation), resulting into three dimensional (3D)
vectorial patterns with rich topological structures. Topology
plays a key role in LMs, ranging from band theory to
skyrmions in magnetic samples.”’ Topological domains in
ferroelectrics®>* received much attention, owing to their
novel functionalities, such as negative capacitance”> and high-
density information processing.”® However, experimental
proofs of the IP polarizations in t-LMs are limited to irregular
t-hBN moiré patterns,”’ or twisted double bilayer graphene
samples.”®

Here, we use piezo force microscopy (PFM) to reveal edge
IP polarizations in t-hBN moiré superlattices for parallel and
antiparallel stacking. We find very sharp (width ~ 10 nm)
polarizations localized at the edges between different domains
of the moiré pattern, called saddle points (SPs), not seen by
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Figure 1. t-hBN parallel stacking configurations. (a) Atomic registries corresponding to the 4 domains (AA, AB, BA, SP) typical of parallel
stacking in a t-hBN interface (for the SP region we illustrate the average atomic registry). For AA, AB, BA configurations, the corresponding

stacking energy per atom, Ag, relative to the naturally occurring AA’ registry,>

is reported. B and N atoms of top (smaller circles) and

bottom (larger circles) layers are sketched in maroon and blue, respectively. (b) Representation of two hBN atomic layers, red and blue,

(rigidly) stacked and twisted by a small @, < 1°

. The superimposed internal drawing represents the typical 6 triangular shapes obtained

after atomic relaxation, defining the moiré superlattice. The position of each of the 4 domains (AA, AB, BA, SP) is shown.

other scanning probe microscopy (SPM) techniques, such as
electrostatic force microscopy (EEM),"*** amplitude-modu-
lation kelvin probe force microscopy (AM-KPFM),'® and
tapping mode phase imaging.’’ We prove the universality of
these SP features by systematically probing them for
superlattices corresponding to different in the range 0.04—
0.18°. We also explore samples consisting of three hBN stacks
(ie, two twisted interfaces).”’ The superposition of SP
polarizations arising at the two interfaces is still measurable
by PEM, showing a double moiré. The possibility of interfacing
multiple layer polarizations could pave the way for unconven-
tional properties, such as modulations of moiré ferroelectric
behaviors.

RESULTS AND DISCUSSION

Parallel Stacking Alignment in t-hBN. When two hBN
layers are stacked together and twisted, the misalignment of
the rotated atoms results in a periodic array of local stacking
domains, i.e., a moire superlattice.18 To rationalize the
geometry of t-hBN stacking domains and their 3D polarization
network (IP and OOP), the hBN unit cell has to be
considered. For t-hBN, two stacking alignments are possible,
ie, parallel and antiparallel.'®*"** For parallel stacking, 4
different domains can be identified: AA, AB, BA, SP. Their
specific atomic registry is reported in Figure la. The AA
configuration is characterized by a full overlap between N (B)
atoms of one layer and N (B) atoms of the twisted layer. In AB
(BA) registry, the B (N) atoms in the top layer sit above the N
(B) atoms in the bottom layer, while the N (B) atoms in the
upper layer lay above the empty site at the center of the
hexagonal cell of the lower layer. SP regions are between
different domains, where the atomic registry changes from one
domain to another.

The alternation of these 4 stacking regions forms the parallel
moiré superlattice (where “parallel” refers to the stacking
alignment) of t-hBN (Figure 1b), accordmg to a geometry
which is set by a -dependent balance'® between interlayer
interactions and intralayer elasticity of the lattice, i.e., the
atomic relaxation. This is the driving force shaping the moiré
domains’ geometry (triangular or hexagonal), mamlgr at Oy <
1°, where atomic relaxation is more pronounced).'™'%**
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According to simulations,”> AB and BA regions are
energetically equivalent with a corresponding stacking energy
(calculated with respect to the natural AA’ stacking
configuration)® Ae~ 1 meV (Figure la) and, most
importantly, energetically favorable with respect to the AA
domain (Ae~ 20 meV), since the latter has pairs of N atoms
atop of each other, resulting in an increased steric repulsion.'®
Hence, as shown in Figure 1b, for parallel alignment at 01 <
1°, AB/BA regions cover the majority of the moireé superlattice,
with a triangular geometry,">*"*’ while unfavorable AA
domains are reduced to a smaller hexagonal coverage (Figure
3f) 21:27:35,36

In Supporting Information (SI), Section 1, we extend the
description of the stacking domains to the t-hBN antiparallel
alignment.

PFM of t-hBN Parallel Moiré Superlattices. We first
consider a 2 nm thick top hBN (~$ layers) on an 8 nm bottom
hBN (>10 layers) on Si + 285 nm SiO,. The two flakes are
aligned at 01y ~ 0° This sample is characterized by PFM,
where a conductive tip is in contact with the surface, while an
oscillating electrical bias is applied via the tip itself. Through
PFM, the electromechanical (EM) response can be meas-
ured.”” We define the EM coupling as any effect that produces
an electric field across the material in response to a surface or
volume deformation and vice versa (ie., piezoelectric and
inverse-piezoelectric effects,”” respectively). Due to the inverse
piezoelectric effect, an electromechanically active sample
deforms under a bias, and this distortion couples with the
cantilever motion, whose deflection is measured by the
cantilever detection system (ie. the standard AFM optical
lever system - such as for our microscope - or the more
powerful interferometric displacement sensor).”” More details
in SI, Section 2. The origin of this EM sample deformation can
arise from two main effects, piezoelectricity (PZ) or
flexoelectricity (FLX).*® PZ allows conversion of mechanical
strain into electric fields (and vice versa) and it arises only in
noncentrosymmetric samples, ie., when a broken inversion
symmetry is present.’” FLX, instead, allows a material to
polarize in response to a strain gradient (i.e., mechanical
bending), and, conversely, to bend in response to an electric
field. Despite half a century of history, the latter has been less
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Figure 2. IP polarizations measurement via vertical PFM in t-hBN. (a, b) PFM amplitude and phase images of t-hBN. The inset of (b) is a
PFM phase line profile highlighting a feature localized in a width ~ 10 nm. (c) Zoom of a representative triangular domain in (a). The 3
triangle sides are labeled (a—c) following an anticlockwise orientation. (d) PFM average amplitude as a function of an angle, @, between the
triangle side (a—c) and the x-axis (panel (e)). Data and error bars are obtained averaging over 7 triangular domains. Red line: best fit with
sinusoid: A = y, + a - sin & (y,, a: fitting parameters). In SI, Section S we report similar measurements with 9 experimental points, obtained
by repeating the same PFM measurements for 3 different sample orientations. (e) Vectorial decomposition of each polarization involved in

the triangular shape in (c). (Blue, pink, gold): polarization vectors E) Gray: (f,?))ycomponents along the y-axis (main cantilever axis) with i =

a, b, c. @ measured with respect to the positive direction of the x-axis. All polarizations are oriented anticlockwise.

considered because of its expected weak strength at the
macroscale.”® However, at the nanoscale, FLX can compete
with PZ, or be bigger.”® FLX is a universal property of all
materials, without any symmetry constraint.*’

Figure 2a,b shows two representative PFM amplitude and
phase images obtained on our t-hBN sample (topography
reported in SI, Section 3). The moiré domains are

characterized by narrow features at the edge of the triangular
AB/BA regions (width ~ 10 nm, inset of Figure 2b), which
look the same in both trace and retrace maps (see SI, Section
3). This observation points toward the reliability of the PFM
signals even if artifacts could still affect this mapping,®” (SI,
Section 3). Figure 2c is a zoom of a (representative) triangular
domain from the PFM amplitude map (Figure 2a), where the 3

https://doi.org/10.1021/acsnano.4c12315
ACS Nano 2025, 19, 16297—-16306


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12315/suppl_file/nn4c12315_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12315/suppl_file/nn4c12315_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12315/suppl_file/nn4c12315_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12315/suppl_file/nn4c12315_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12315?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12315?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12315?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12315/suppl_file/nn4c12315_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12315?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c12315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

650 nm
Apn=351nm

675 nm
A, =309 nm

625 nm
A, =154 nm

430 nm
A,=130nm

380 nm
A, =81nm

MOIRE’ PERIOD
6., = 0.04° 0., = 0.05° 8., ~ 0.09° 8, =~ 0.11° 6., ~ 0.18°
™ i ™ i TW ¥ ™ & T™W x
-9 -AA -9-SP --+-ABBA
- v T a R — T T T T T
LI A5 —100F e (g)
’lll'Ill..r‘b g 80_ ' i
e —— — had \ °
Yoo N\ 5 " R i .
' 2 6o NS 1
% \‘.\'6
o ' |
5 40 - & %
g O," 5 ‘—'_Q --------- -2
E 20+ ,,’ .:\_,“ B
[0) ' «”°~\"—-‘
o ol wEe 9 S oae o |

000 005 010 0715 020 025
Twist angle [°]

Figure 3. Parallel stacking domains evolution with increasing @1y (a—e) S moiré patterns characterized by a different moiré period (A,,)
corresponding to an increasing @1y, between top and bottom hBN. At the bottom of each image, the scan size is reported. The big blue and
red arrows show the evolution of A, and Oy, respectively. For the determination of 0y, see the SI, Section 6, while A, is experimentally
determined as the average distance between AA domains.*” Amplitude scale bar: (a) 2.7—6.6 mV, (b) 1.3—2.3 mV, (c) 6.3 - 9.9 mV, (d) 8.5—
14.5 mV, (e) 19—24 mV. (a, b) are for a t-hBN with top flake thickness ~ 2 nm, bottom flake thickness ~ 8 nm, Oy ~ 0°. (c—e) are for a
different t-hBN with top layer thickness ~ 4.5 nm, bottom flake thickness ~40 nm, 6, ~ 0.2°. (f) PEM amplitude map (equivalent to Figure
3d), with all stacking domains identified on the surface (AB/BA, AA, SP). The white dashed line represents the moiré superhexagonal shape
used in the relative stacking area quantification of (g). (g) Relative (%) stacking area evolution with increasing Oy for AA (red), SP (black)

and AB/BA (blue) regions. Following the SP trend, 2 regions can be highlighted: a first one (yellow), for Oy, < g ~ 0.1°, where the SP

relative area is increasing with 6, and a second (blue) where this trend saturates reaching a plateau for O, > d 0.1°. The last point on the

right of the plot (61, ~ 0.25°) is obtained on the additional PFM image in Figure Sb, corresponding to A, ~ 55 nm.

edges of the triangle (a, b, c) are highlighted. Since we measure
the EM response of the sample via vertical PFM, one could
expect these features to emerge from OOP polarizations.
However, IP polarizations detection through standard vertical
PFM is also possible, due to the buckling effect.*"** This stems
from cantilever buckling oscillations occurring when domains
with IP polarization are aligned parallel to the long axis of the
cantilever (see SI, Section 4). Based on this, we now prove the
observed features to emerge from an IP contribution to the
sample EM response. The experimental proof is provided in V-
PFM (Figure 2) and L-PEM (SI, Section 5), going beyond past
literature that, for t-hBN, only focused on L-PFM,” a
technique not always available on AFM microscopes.

If the buckling effect is relevant, the measured PFM
amplitude should emerge from the vectorial coupling between
the cantilever main axis and the projection of the IP
polarization along this very axis. Hence, we expect an angle-
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dependent PFM amplitude (A) signal,”’ i.e, A ~ P; - sin & =
—
(B )y, where E) is the IP polarization vector, the label i = g, b, ¢

refers to one of the sides of a triangle (Figure 2c,e), and a is
the angle between the cantilever x-axis and the triangle side
under consideration (Figure 2e). In Figure 2e, the polar-

izations ff) are in blue, pink and gold, while their y-component
in gray.

To corroborate this hypothesis, we report in Figure 2d the
average (over seven triangles sides) of the PFM amplitudes
measured along the triangular edges as a function of a. The
three data points nicely fit a sinusoidal function, i.e, A=y, +a -
sin @, with y, and a as fitting parameters, representing the
global background of the PFM image and the amplitude of the
oscillation, respectively. This can be considered the fingerprint
of the IP nature of such polarizations localized along the SPs of
the triangular moiré domains.”” In SI, Section S we increase
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Figure 4. t-hBN parallel and antiparallel stacking domains measured with different SPM techniques. (a—e): Parallel to antiparallel alignment
transition induced by a 1L topographical step ~ 0.3 nm on a t-hBN sample with top flake thickness ~ 4.5 nm, bottom flake thickness ~ 40
nm, O, ~ 0.2°. (a) AFM topography of 1L step. (b—d) PFM phase, AM-KPFM, and phase-imaging maps in the same region of (a). (e)
Schematic sample structure corresponding to Figure 4a—d. On the top part a possible stacking transition is shown from parallel AB to
antiparallel BA’ lattice registry. (f—j): Parallel to parallel alignment transition due to a 2L-hBN topographical step ~ 0.6 nm. (f) AFM
topography of 2L-hBN step. (g—i) corresponding PFM phase, AM-KPFM, and phase-imaging channels. (j) Schematic sample structure
corresponding to Figure 4f—i. The top part of panel (j) sketches a parallel stacking domain (AB) on both sides of the 2L-hBN step. The

thicknesses of the flakes and steps are not to scale.

the statistics of Figure 2d from 3 to 9 points. As shown in
Figure S4j, this extended set of data is fitted by a sinusoidal,
further supporting our interpretation of the IP nature of these
edge polarizations.

Notably, such IP polarizations can also couple with the
torsional motion of the cantilever probed in lateral PFM. As an
additional confirmation of the IP nature of these SP
polarizations, in SI, Section 5, we provide lateral PFM images
of a t-hBN moiré pattern.

Figure 2a,b show that the internal area of the triangular
domains does not offer any EM contrast between adjacent
triangular regions (AB/BA domains). Refs 17 and 43 reported
that nearby triangular AB/BA domains provide a PFM contrast
in the internal area. In our case, the different sample
thicknesses could play a role. Indeed, while we work with a
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2 nm-thick top hBN flake, refs 17 and 44 used monolayer (1L)
top hBN. Due to a vertical PFM sensitivity necessarily
dependent on the top layer thickness, as a result of our larger
flakes thicknesses, the vertical EM contrast between AB and
BA polarizations is not measurable. This is confirmed by
performing the same measurements on a different t-hBN
sample with a 0.8 nm-thick top layer (with a bottom flake of
5.7 nm on Si + 285 nm SiO,). We report the corresponding V-
PFM amplitude and phase channels in Section 11 of the SI,
where the contrast between AB/BA domains can be
appreciated in Figure S12b,c.

The EM origin of these IP polarizations (PZ and/or FLX) is
still under debate.””*> However, the inset of Figure 2b shows a
phase profile with two opposite peaks (with respect to the
common background of ~16°), pointing toward the presence
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of opposite IP polarizations across the SP. Following the
investigations on twisted bilayer graphene of ref 45. (Figure
4b), this could be in line with a major FLX contribution to the
EM response of our sample. Nevertheless, we cannot exclude
the presence of PZ effects. According to ref 45, the sample EM
response is thickness dependent and, for our specific case of
multilayer hBN, it can also have contributions of PZ
phenomena.*®

We now extend the analysis of SP polarizations to moiré
patterns arising from different. In order to consider them a
general feature of such superlattices, they have to be present
independently of @r. The fact that O1v may vary on a given
sample is a consequence of the fabrication procedure, which
does not allow for deterministic control of O1. Defects and
fabrication residuals with unknown distribution over the
sample areas can locally alter the twisted structure causing
heterogeneous strain distributions and variations of Ory.
Hence, when dealing with a t-LM at a specific 01y, we expect
local deviations around the target value, which will also tune
the moiré superlattice to a different periodicity (A,, see Figure
3b). According to the theory of moiré superlattices, an inverse
relation exists between A and ie., A, = (a/2)/sin(Ory/
2),”** with a corresponding to the hBN lattice constant of
0.25 nm."”” This formula is valid under two assumptions: the
hBN layers are treated as rigid (i.e, atomic relaxation is
neglected, see SI, Section 6 for more information), and they
are unaffected by strain. The latter constraint can be relaxed by
considering the presence of strain, as in ref 46, and SI, Section
6. In our case, the 01 variation with respect to an unstrained
case is calculated to be only ~5%.

Figure 3a—e plot the PFM amplitude images obtained on
different sample regions characterized by a decreasing
(parallel) moiré pattern period. A,, ranges from ~3S50 to
~80 nm, corresponding to an increasing estimated O from
~0.04 to ~0.18°. For each image, sharp features are present at
the evolving SP regions, revealing the universality of this
localized EM response of t-hBN.

Figure 3a—e also allow us to evaluate the shape evolution of
all atomic registries with Ory. Their identification, from AB/
BA domains (in blue) to AA (in red) and SP (in black) is
presented in Figure 3f. This image proves AA domains to have
a hexagonal shape, as theoretically expected,m’36 but, thus far,
not observed experimentally, to the best of our knowledge.
Going from Figure 3a—e, there is a decreasing coverage of
triangular AB/BA regions, in favor of AA hexagonal domains,
progressively growing in size. To quantify this evolution, we
first need to define a superhexagon for each PFM image of
Figure 3a—e. This acts as an effective “unit-cell” for the moiré
superlattice and encloses 3 AB and 3 BA triangular domains.
E.g., the superhexagon corresponding to Figure 3d is
highlighted by the white dashed line in Figure 3f. Second,
for each PFM amplitude image, we can obtain the areal
coverage48 for AA, AB/BA, SP regions confined inside the
corresponding superhexagon. These areas can be normalized
dividing by the total coverage of the superhexagon itself,
defining what we have called in Figure 3g “relative stacking
area”. The Opy-dependent evolution of the relative stacking
area for AA, AB/BA, SP regions is illustrated in Figure 3g.
Different trends are observed: while the AA relative coverage
increases with Oy (red data), the AB/BA behavior (blue data)
decreases. This is consistent with a 6 -dependent atomic
relaxation, progressively decreasing the relative area covered by

AB/BA triangular domains at larger angles, favoring AA
regions.36

There is a point where the relative coverages of AB/BA and
AA domains balance, marking the boundary between two
reconstruction regimes where energetically unfavorable

domains take over. This happens at Oy = 6 ~ 0.10°, further
confirmed by following the SP relative area evolution (black

data). For 0 < 6 we observe a linear SP trend, which then
reaches a plateau for 0 > 6 . A similar trend was reported for t-

BLG,> where 0 assumes a higher relevance as it marks the
appearance of flat bands, via 4D-scanning transmission
electron microscopy (4D-STEM).”® Hence, we believe PEM
could be employed for the identification of correlated
electronic states in t-LMs.

The analogous evolution of the EM response of moiré
superlattices for the antiparallel alignment probed at two
different Oy, is presented in the SI, Section 7.

PFM of t-hBN Antiparallel Moiré Superlattices. We
further generalize the relevance of SP polarizations by
experimentally revealing their presence also for t-hBN
antiparallel stacking alignments. To access this interfacial
alignment, we exploit the topography of a t-hBN sample
offering a 1L step underneath the top flake, Figure 4a (see
Figure 4e for a sketch of the sample structure). Since
multilayer hBN (ML-hBN) such as the bottom flake, has a
natural AA’ stackjng,lx the addition of a 1L step, would
produce a rotation of 180° with respect to the underlying
structure, determining a parallel to antiparallel stacking
transition (Figure 4e).18 Figure 4a confirms the step to
correspond to 1L of hBN, ~0.3 nm."® Figure 4b plots the
related PFM phase (see SI, Section 8, for the corresponding
amplitude map). While triangular AB/BA domains are visible
on the top-right part of these three images (parallel interfacial
stacking), the bottom-left region, corresponding to the 1L-
hBN addition, shows hexagonal structures typical of anti-
parallel stacking, with features localized at the SP domains (see
also Figure S8d). Figure 4c,d show the corresponding AM-
KPFM and phase-imaging maps of the same region. While all
three SPM techniques allow the visualization of AB/BA
triangular domains, PFM is the only approach capable of
visualizing antiparallel stacking. The reason for this can only
stem from the different imaging mechanisms. Indeed, while
PFM relies on the EM coupling between tip and sample, AM-
KPFM and phase-imaging are noncontact AFM techniques
probing their electrostatic interaction.

To validate this further, we focus on a different region of the
same sample offering a topographical 2L-hBN step ~ 0.6 nm
(see Figure 4f for the topography and Figure 4j for the sample
structure). If a 1L-hBN step is responsible for a 180° rotation,
it follows that a 2L-hBN step does not induce any parallel to
antiparallel stacking transition. Figure 4g—i shows the PFM
phase (PFM amplitude image shown in the SI, Section 8), AM-
KPFM, and phase-imaging maps of the same region,
addressing a parallel stacking on both sides of the 2L-hBN step.

Double-Moiré. There is an increasing interest in t-2L-LMs
and t-ML-LMs, due to their emerging superconducting® ™'
and correlated insulating behaviors,>*~>* and in t-ML-TMD
where cumulative polarizations have been measured.”’ We
consider a specific region of our t-hBN where an additional
layer is present with an uncontrolled orientation relative to the
underlaying hBN. This turns the area into a t-ML-hBN sample.
Figure Sa is a PFM amplitude map obtained in this zone,
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Figure S. Double-moiré in multiply stacked t-hBN measured via
PFM. (a) PFM amplitude map showing a double-moiré in the
bottom-right corner. (b) Zoom of red square in (a). (c) Height
profile across the 4 nm step highlighted in panel (a). (d) AM-
KPFM map of the same area of Figure Sa.

related to a topographical step (~4 nm, see Figure Sc),
separating 2 different regions. The top-left part of the image
involves a moiré superlattice made of big (A, ~ 300 nm)
triangular AB/BA domains. The bottom-right part has two
overlapped textures: a first superlattice that follows the
previously discussed pattern, plus a second finer superlattice
whose tiny details can be visualized through a high-resolution
PFM amplitude map, see Figure Sb. Figure 5d is an AM-KPFM
map of the same region of Figure Sa. Only the first superlattice
can be distinguished, probably due to a weaker IP signal and/
or a limited spatial resolution of AM-KPFM.>

From Figure Sb, we derive A, ~ 50 nm, smaller than the
typical dimension of the first superlattice (A,, ~ 300 nm).
There is a different geometry of the fine pattern, mainly
characterized by hexagonal structures, corresponding to central
AA stacking domains. The rounded areas surrounding AA
regions may be SP domains, with AB/BA regions limited to
very small (but still visible) triangular domains. Considering
the ML-hBN structure in this region (schematic in the SI,
Section 9), we ascribe this PFM experimental observation to
the presence of a double-moiré (in the bottom-right part of
Figure Sa), emerging from three t-hBN stacks.

CONCLUSIONS

We used PFM to probe the local electromechanical properties
of t-hBN, showing the formation of in-plane polarizations at
the edges of the stacking domains (saddle points) of both
parallel and antiparallel moiré superlattices. We explained the
origin of these saddle point polarizations, proving their
universality by evaluating moiré superlattices for a range of
twist angles. The relevance of these saddle point polarizations
was extended by measuring them also in a double-moiré

emerging from the relative twisting of three hBN stacks
involving two interfaces.

Our work unveils a richer polarization (in- and out-of-plane)
network in t-hBN, whose spatial distribution can be tuned by
the twist angle, a behavior not found in conventional bulk
ferroelectric materials,'” where the polarization domains are
determined by the fixed crystal structure. This complex 3D
vectorial polarization gattern could trigger interesting topo-
logical investiga.tions,2 related to neégative capacitance,25 or
high-density information processing,”® but also provides new
insights for exploring unconventional behaviors in t-LMs. In
this context, the experimental observation of a double-moiré is
important, due to the properties observed in t-ML-graphene,
where superconducting’®™>" and correlated insulating proper-
ties">>* have been found, and in t-ML-TMD, where
cumulative polarizations were measured.”’ Similarly, the
emergence of a double-moiré in t-hBN involving both IP
and OOP polarizations, could pave the way for moiré
ferroelectricity modulations via multistacking.*®

The ability of PFM to image both parallel and antiparalle] t-
hBN alignments, with high spatial resolution (about 10 nm),
not possible with other SPM techniques, confirms it as a very
powerful technique to study moiré superlattices in t-LMs.

METHODS

Sample Fabrication. t-hBN samples are prepared by exfoliating
bulk hBN crystals, grown at high pressure and temperature,®” onto Si
+ 90 nm SiO, by micromechanical cleavage (MC). In order to control
Orw, either large flakes (>50 um) selectively torn during transfer*® or
neighboring hBN flakes cleaved from the same bulk crystal during
MC'® are identified by studying the orientation of their faceted edges
using optical microscopy.” t-hBN samples with controlled interlayer
rotation are then fabricated using polycarbonate (PC) stamps.60 First,
a PC film on polydimethylsiloxane (PDMS) is brought into contact
with the substrate with hBN flakes at 40 °C using a micromanipulator,
so that the contact front between stamp and substrate covers part of
one flake or one of two adjacent flakes exfoliated from the same flake
on the tape. Stamps are then retracted, and the material in contact
with the PC is picked up from the substrate. After picking up the first
flake, a controlled 6y (£0.01°), as determined by the resolution and
wobble of the rotation stage, can be applied by rotating the sample
stage, before the flake on PC is aligned to the second one and brought
into contact at 40 °C. The stamp is then retracted and the resulting t-
hBN is picked up by PC. t-hBN is then transferred onto Si + 285 nm
SiO, at 180 °C, before the PC residue is removed by immersion in
chloroform and then ethanol for 30 min. While Si + 90 nm SiO, is
used to facilitate the identification of hBN flakes,®" n-doped Si + 285
nm SiO, is chosen for further characterization, such as gate dependent
electrical measurements. Characterizations via Raman spectroscopy is
discussed in ref 30, as well as in Section 10 of the SI

Scanning Probe Microscopy. AFM measurements are per-
formed at about 25 °C (RH ~ 40%), in air, using a Multimode 8
(Bruker) AFM microscope. For PEM images we used ASYELEC.01-
R2 cantilevers (Asylum Research, k ~ 2.8 N-m™!, f ~ 75 kHz). The
deflection sensitivity is obtained by performing 10 force—distance
curves on mica (without changing the laser spot position onto the
cantilever) and calculating the average inverse slope in the contact
region. An average value of 68 nm-V™' is found. The nominal tip
radius is 25 nm. For an applied force F = k - d ~ 15 nN we calculate,
from standard Hertz contact mechanics® and assuming an effective
hBN Young modulus ~3$ GPa,*® a contact radius r, ~ 2 nm.
Considering that the hBN lattice constant is ~ 0.25 nm,"’ this contact
radius implies a statistical amount of atoms (~500) involved in the
tip—sample interaction, therefore justifying the use of macroscopic
parameters, such as polarization and piezoelectric coefficient, also in
line with refs 27 and 28.
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SCANASYST FLUID cantilevers (Bruker, k ~ 0.7 N-m™, f ~ 150
kHz) are used for phase-imaging, while ASYELEC.01-R2 cantilevers
(Asylum Research, k ~ 2.8 N-m™', f ~ 75 kHz) for all the PFM and
AM-KPFM images. The phase-imaging typical parameters are free
amplitude Ay ~ 8 nm, set-point ~7 nm. The attractive phase values in
this work are reported following the Asylum Research convention.”’
For vertical and lateral PFM, we use a set-point ~S nm, with typical
contact resonance fcp ~ 330 kHz, and an AC sample bias amplitude
Ve = 2 V (V4 = 0, referring to eq S1). Vertical and lateral PFM
measurements for Figure S4 are performed on a Dimension Icon
(Bruker) AFM microscope. In AM-KPEM, the images are acquired
with Ay ~ 20 nm, set-point ~ S nm, lift height ~ 2 nm, lift driving
voltage ~ 2 V. All AFM images are obtained at a typical scan rate of
0.8 Hz and analyzed in Gwyddion.** AM-KPFM maps are flattened
together with a second order polynomial correction to enhance the
moiré contrast between AB and BA triangular domains.

ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.4c12315.

Antiparallel stacking alignments in t-hBN; resonance-
enhanced vertical PFM; Figure 2 full set of data;
buckling effect; lateral PFM measurements of IP
polarizations in t-hBN moiré superlattice; twist angle
extraction from PFM images; shape evolution of two
antiparallel stacking moiré superlattices; PFM amplitude
images for Figure 4; schematic of sample showing a
double-moiré in Figure Sa; Raman characterization of
the t-hBN sample; and V-PFM images for a 0.8 nm/5.7
nm t-hBN sample (PDF)

AUTHOR INFORMATION

Corresponding Authors

Stefano Chiodini — Center for Nano Science and Technology,
Fondazione Istituto Italiano di Tecnologia, 20134 Milan,
Italy; Email: stefano.chiodini@iit.it

Antonio Ambrosio — Center for Nano Science and
Technology, Fondazione Istituto Italiano di Tecnologia,
20134 Milan, Italy; ® orcid.org/0000-0002-8519-3862;
Email: antonio.ambrosio@iit.it

Authors
Giacomo Venturi — Center for Nano Science and Technology,
Fondazione Istituto Italiano di Tecnologia, 20134 Milan,
Italy
James Kerfoot — Cambridge Graphene Centre, University of
Cambridge, CB3 OFA Cambridge, United Kingdom;
orcid.org/0000-0002-6041-4833
Jincan Zhang — Cambridge Graphene Centre, University of
Cambridge, CB3 OFA Cambridge, United Kingdom
Evgeny M. Alexeev — Cambridge Graphene Centre, University
of Cambridge, CB3 OFA Cambridge, United Kingdom;
orcid.org/0000-0002-8149-6364
Takashi Taniguchi — Center for Materials Nanoarchitectonics,
National Institute for Materials Science, Tsukuba 305-0044,
Japan; © orcid.org/0000-0002-1467-3105
Kenji Watanabe — Research Center for Functional Materials,
National Institute for Materials Science, Tsukuba 305-0044,
Japan; ® orcid.org/0000-0003-3701-8119
Andrea C. Ferrari — Cambridge Graphene Centre, University
of Cambridge, CB3 OFA Cambridge, United Kingdom;
orcid.org/0000-0003-0907-9993

Complete contact information is available at:

https://pubs.acs.org/10.1021/acsnano.4c12315

Author Contributions

S.C. developed the investigation approach and performed and
analyzed the AFM measurements. G.V. performed the angle
extraction from the PFM data. J.Z, EMM.A, and A.CF.
prepared and characterized all the samples. T.T. and K.W.
provided the bulk crystals. S.C., G.V,, A.C.F,, and A.A. wrote
the paper with contributions from the other authors. All the
authors discussed experimental data and the paper content.
A.CF. and A.A. coordinated the research activities.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

We acknowledge funding from ERC grants “METAmorpho-
ses”, grant agreement no. 817794, Fondazione Cariplo, grant
n° 2019-3923, EU Graphene Flagship, ERC grants Hetero2D,
GIPT, EU grants Graph-X, CHARM, EPSRC grants EP/
KO01711X/1, EP/K017144/1, EP/N010345/1, EP/L016087/
1, EP/V000055/1, EP/X015742/1.

REFERENCES

(1) Chang, K; Liu, J.; Lin, H.; Wang, N.; Zhao, K; Zhang, A.; Jin,
F.; Zhong, Y.; Hu, X,; Duan, W.; Zhang, Q.; Fu, L.; Xue, Q.-K.; Chen,
X.; Ji, S.-H. Discovery of Robust in-Plane Ferroelectricity in Atomic-
Thick Snte. Science 2016, 353, 274—278.

(2) Gong, C.; Li, L; Li, Z.; Ji, H,; Stern, A.; Xia, Y.; Cao, T.; Bao,
W.; Wang, C.; Wang, Y.; Qiu, Z. Q.; Cava, R. J.; Louie, S. G.; Xia, J;
Zhang, X. Discovery of Intrinsic Ferromagnetism in Two-Dimensional
Van Der Waals Crystals. Nature 2017, 546, 265—269.

(3) Huang, B.; Clark, G.; Navarro-Moratalla, E.; Klein, D. R;; Cheng,
R.; Seyler, K. L.; Zhong, D.; Schmidgall, E.; McGuire, M. A.; Cobden,
D. H,; Yao, W.; Xiao, D.; Jarillo-Herrero, P.; Xu, X. Layer-Dependent
Ferromagnetism in a Van Der Waals Crystal Down to the Monolayer
Limit. Nature 2017, 546, 270—273.

(4) Chy, J; Wang, Y.; Wang, X.; Hu, K; Rao, G.; Gong, C.; Wy, C,;
Hong, H,; Wang, X; Liu, K; Gao, C; Xiong, J. 2d Polarized
Materials: Ferromagnetic, Ferrovalley, Ferroelectric Materials, and
Related Heterostructures. Adv. Mater. 2021, 33, No. 2004469.

(5) Scott, J. F. Nano-Scale Ferroelectric Devices for Memory
Applications. Ferroelectrics 2005, 314, 207—222.

(6) Uchino, K. Ferroelectric Devices; CRC Press, 2009.

(7) Ferrari, A. C.; Bonaccorso, F.; Fal’ko, V.; Novoselov, K. S.;
Roche, S.; Béggild, P.; Borini, S.; Koppens, F. H. L.; Palermo, V,;
Pugno, N,; Garrido, J. A; Sordan, R.; Bianco, A.; Ballerini, L.; Prato,
M,; Lidorikis, E.; Kivioja, J.; Marinelli, C.; Ryhanen, T.; Morpurgo, A.;
et al. Science and Technology Roadmap for Graphene, Related Two-
Dimensional Crystals, and Hybrid Systems. Nanoscale 2018, 7, 4598—
4810.

(8) Montblanch, A. R. P.; Barbone, M.; Aharonovich, L; Atatiire, M.;
Ferrari, A. C. Layered Materials as a Platform for Quantum
Technologies. Nat. Nanotechnol. 2023, 18, 555—571.

(9) Xue, F; He, J-H; Zhang, X. Emerging Van Der Waals
Ferroelectrics: Unique Properties and Novel Devices. Appl. Phys. Rev.
2021, 8, No. 021316.

(10) Lv, M; Sun, X,; Chen, Y.; Taniguchi, T.; Watanabe, K; Wu,
M.; Wang, J.; Xue, J. Spatially Resolved Polarization Manipulation of
Ferroelectricity in Twisted Hbn. Adv. Mater. 2022, 34, No. 2203990.

(11) Liu, F; You, L,; Seyler, K. L;; Li, X.; Yu, P; Lin, J.; Wang, X;
Zhou, J.; Wang, H.; He, H.; Pantelides, S. T.; Zhou, W.; Sharma, P;
Xu, X,; Ajayan, P. M,; Wang, J; Liu, Z. Room-Temperature
Ferroelectricity in Cuinp2s6 Ultrathin Flakes. Nat. Commun. 2016,
7, 12357.

(12) Zhou, Y,; Wu, D.; Zhu, Y.; Cho, Y.; He, Q.; Yang, X.; Herrera,
K,; Chu, Z; Han, Y.; Downer, M. C.; Peng, H.; Lai, K. Out-of-Plane

https://doi.org/10.1021/acsnano.4c12315
ACS Nano 2025, 19, 16297—-16306


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12315/suppl_file/nn4c12315_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12315?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12315/suppl_file/nn4c12315_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Chiodini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:stefano.chiodini@iit.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Ambrosio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8519-3862
mailto:antonio.ambrosio@iit.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giacomo+Venturi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Kerfoot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6041-4833
https://orcid.org/0000-0002-6041-4833
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jincan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeny+M.+Alexeev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8149-6364
https://orcid.org/0000-0002-8149-6364
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1467-3105
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenji+Watanabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3701-8119
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+C.+Ferrari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0907-9993
https://orcid.org/0000-0003-0907-9993
https://pubs.acs.org/doi/10.1021/acsnano.4c12315?ref=pdf
https://doi.org/10.1126/science.aad8609
https://doi.org/10.1126/science.aad8609
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1002/adma.202004469
https://doi.org/10.1002/adma.202004469
https://doi.org/10.1002/adma.202004469
https://doi.org/10.1080/00150190590926490
https://doi.org/10.1080/00150190590926490
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1038/s41565-023-01354-x
https://doi.org/10.1038/s41565-023-01354-x
https://doi.org/10.1063/5.0028079
https://doi.org/10.1063/5.0028079
https://doi.org/10.1002/adma.202203990
https://doi.org/10.1002/adma.202203990
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1021/acs.nanolett.7b02198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c12315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Piezoelectricity and Ferroelectricity in Layered A-In2se3 Nanoflakes.
Nano Lett. 2017, 17, 5508—5513.

(13) Cui, C.; Hu, W.-J; Yan, X.; Addiego, C.; Gao, W.; Wang, Y.;
Wang, Z.; Li, L.,; Cheng, Y.; Li, P.; Zhang, X,; Alshareef, H. N.; W,
T.; Zhu, W.; Pan, X; Li, L.-J. Intercorrelated in-Plane and out-of-
Plane Ferroelectricity in Ultrathin Two-Dimensional Layered Semi-
conductor In2se3. Nano Lett. 2018, 18, 1253—1258.

(14) Yuan, S; Luo, X.; Chan, H. L.; Xiao, C.; Dai, Y.; Xie, M.; Hao,
J. Room-Temperature Ferroelectricity in Mote2 Down to the Atomic
Monolayer Limit. Nat. Commun. 2019, 10, 1775.

(15) Fei, Z.; Zhao, W.; Palomaki, T. A.; Sun, B.; Miller, M. K.; Zhao,
Z.; Yan, J.; Xu, X,; Cobden, D. H. Ferroelectric Switching of a Two-
Dimensional Metal. Nature 2018, 560, 336—339.

(16) Vizner Stern, M.; Waschitz, Y.; Cao, W.; Nevo, I; Watanabe,
K,; Taniguchi, T.; Sela, E; Urbakh, M.; Hod, O.; Ben Shalom, M.
Interfacial Ferroelectricity by Van Der Waals Sliding. Science 2021,
372, 1462—1466.

(17) Yasuda, K; Wang, X.; Watanabe, K.; Taniguchi, T.; Jarillo-
Herrero, P. Stacking-Engineered Ferroelectricity in Bilayer Boron
Nitride. Science 2021, 372, 1458—1462.

(18) Woods, C. R.; Ares, P.; Nevison-Andrews, H.; Holwill, M. J.;
Fabregas, R.; Guinea, F.; Geim, A. K;; Novoselov, K. S.; Walet, N. R;;
Fumagalli, L. Charge-Polarized Interfacial Superlattices in Marginally
Twisted Hexagonal Boron Nitride. Nat. Commun. 2021, 12, 347.

(19) Li, L; Wu, M. Binary Compound Bilayer and Multilayer with
Vertical Polarizations: Two-Dimensional Ferroelectrics, Multiferroics,
and Nanogenerators. ACS Nano 2017, 11, 6382—6388.

(20) Bennett, D.; Chaudhary, G.; Slager, R.-].; Bousquet, E.; Ghosez,
P. Polar Meron-Antimeron Networks in Strained and Twisted
Bilayers. Nat. Commun. 2023, 14, 1629.

(21) Walet, N,; Guinea, F. Flat Bands, Strains, and Charge
Distribution in Twisted Bilayer Hbn. Phys. Rev. B 2021, 103,
No. 125427.

(22) Yadav, A. K; Nelson, C. T.; Hsu, S. L.; Hong, Z.; Clarkson, J.
D.; Schlepiitz, C. M.; Damodaran, A. R.; Shafer, P.; Arenholz, E;
Dedon, L. R.; Chen, D.; Vishwanath, A.; Minor, A. M.; Chen, L. Q;
Scott, J. F,; Martin, L. W.; Ramesh, R. Observation of Polar Vortices
in Oxide Superlattices. Nature 2016, 530, 198—201.

(23) Das, S;; Tang, Y. L.; Hong, Z.; Gongalves, M. A. P.; McCarter,
M. R; Klewe, C; Nguyen, K. X; G6mez-Ortiz, F,; Shafer, P.;
Arenholz, E.; Stoica, V. A.; Hsu, S. L.; Wang, B,; Ophus, C,; Liy, J. F;
Nelson, C. T.; Saremi, S.; Prasad, B.; Mei, A. B.; Schlom, D. G; et al.
Observation of Room-Temperature Polar Skyrmions. Nature 2019,
568, 368—372.

(24) Wang, Y. J.; Feng, Y. P.; Zhu, Y. L; Tang, Y. L.; Yang, L. X;
Zou, M. J.; Geng, W. R,; Han, M. J.; Guo, X. W,; Wu, B.; Ma, X. L.
Polar Meron Lattice in Strained Oxide Ferroelectrics. Nat. Mater.
2020, 19, 881—886.

(25) Zubko, P.; Wojdel, J. C.; Hadjimichael, M,; Fernandez-Pena, S.;
Sené, A,; Luk'yanchuk, I; Triscone, J.-M.; Iniguez, J. Negative
Capacitance in Multidomain Ferroelectric Superlattices. Nature 2016,
534, 524—-528.

(26) Han, L.; Addiego, C.; Prokhorenko, S.; Wang, M; Fu, H,;
Nabhas, Y.; Yan, X; Cai, S.; Wei, T.; Fang, Y.; Liu, H,; Ji, D.; Guo, W,;
Gu, Z.; Yang, Y.; Wang, P.; Bellaiche, L.; Chen, Y.; Wu, D.; Nie, Y,;
et al. High-Density Switchable Skyrmion-Like Polar Nanodomains
Integrated on Silicon. Nature 2022, 603, 63—67.

(27) McGilly, L. J.; Kerelsky, A.; Finney, N. R.; Shapovalov, K.; Shih,
E.-M.; Ghiotto, A.; Zeng, Y.; Moore, S. L.; Wu, W.; Bai, Y.; Watanabe,
K.; Taniguchi, T.; Stengel, M.; Zhou, L.; Hone, J.; Zhu, X.; Basov, D.
N.; Dean, C.; Dreyer, C. E.; Pasupathy, A. N. Visualization of Moiré
Superlattices. Nat. Nanotechnol. 2020, 15, 580—584.

(28) Li, Y.; Wang, X.; Tang, D.; Wang, X.; Watanabe, K.; Taniguchi,
T.; Gamelin, D. R; Cobden, D. H.; Yankowitz, M.; Xu, X,; Lj, J.
Unraveling Strain Gradient Induced Electromechanical Coupling in
Twisted Double Bilayer Graphene Moiré Superlattices. Adv. Mater.
2021, 33, No. 2105879.

(29) Albonetti, C.; Chiodini, S.; Annibale, P.; Stoliar, P.; Martinez,
R. V,; Garcia, R.; Biscarini, F. Quantitative Phase-Mode Electrostatic

Force Microscopy on Silicon Oxide Nanostructures. J. Microsc.
(Oxford, U. K.) 2020, 280, 252—269.

(30) Chiodini, S.; Kerfoot, J.; Venturi, G.; Mignuzzi, S.; Alexeev, E.
M.,; Teixeira Rosa, B.; Tongay, S.; Taniguchi, T.; Watanabe, K;
Ferrari, A. C.; Ambrosio, A. Moire Modulation of Van Der Waals
Potential in Twisted Hexagonal Boron Nitride. ACS Nano 2022, 16,
7589—7604.

(31) Deb, S,; Cao, W.; Raab, N.; Watanabe, K; Taniguchi, T.;
Goldstein, M.; Kronik, L.; Urbakh, M.; Hod, O.; Ben Shalom, M.
Cumulative Polarization in Conductive Interfacial Ferroelectrics.
Nature 2022, 612, 465—469.

(32) Constantinescu, G.; Kuc, A.; Heine, T. Stacking in Bulk and
Bilayer Hexagonal Boron Nitride. Phys. Rev. Lett. 2013, 111,
No. 036104.

(33) Guinea, F; Walet, N. R. Continuum Models for Twisted
Bilayer Graphene: Effect of Lattice Deformation and Hopping
Parameters. Phys. Rev. B 2019, 99, No. 205134.

(34) Bennett, D. Theory of Polar Domains in Moire Hetero-
structures. Phys. Rev. B 2022, 105, No. 235445.

(35) Kazmierczak, N. P.; Van Winkle, M.; Ophus, C.; Bustillo, K. C;
Carr, S.; Brown, H. G,; Ciston, J; Taniguchi, T.; Watanabe, K;
Bediako, D. K. Strain Fields in Twisted Bilayer Graphene. Nat. Mater.
2021, 20, 956—963.

(36) Quan, J; Linhart, L.; Lin, M.-L.; Lee, D.; Zhu, J.; Wang, C.-Y,;
Hsu, W.-T.; Choj, J.; Embley, J.; Young, C.; Taniguchi, T.; Watanabe,
K.; Shih, C.-K; Lai, K.; MacDonald, A. H.; Tan, P.-H.; Libisch, F.; Li,
X. Phonon Renormalization in Reconstructed Mos2 Moiré Super-
lattices. Nat. Mater. 2021, 20, 1100—110S.

(37) Collins, L.; Liu, Y.; Ovchinnikova, O. S.; Proksch, R.
Quantitative Electromechanical Atomic Force Microscopy. ACS
Nano 2019, 13, 8055—8066.

(38) Yudin, P. V.; Tagantsev, A. K. Fundamentals of Flexoelectricity
in Solids. Nanotechnology 2013, 24, No. 432001.

(39) Du, L.; Hasan, T.; Castellanos-Gomez, A.; Liu, G.-B.; Yao, Y.;
Lau, C. N.; Sun, Z. Engineering Symmetry Breaking in 2d Layered
Materials. Nat. Rev. Phys. 2021, 3, 193—206.

(40) Bhaskar, U. K; Banerjee, N.; Abdollahi, A.; Wang, Z.; Schlom,
D. G.; Rijnders, G.; Catalan, G. A Flexoelectric Microelectromechan-
ical System on Silicon. Nature Nanotechnol. 2016, 11, 263—266.

(41) Nath, R;; Hong, S;; Klug, J. A.; Imre, A.; Bedzyk, M. J.; Katiyar,
R. S; Auciello, O. Effects of Cantilever Buckling on Vector
Piezoresponse Force Microscopy Imaging of Ferroelectric Domains
in Bifeo3 Nanostructures. Appl. Phys. Lett. 2010, 96, 163101.

(42) Alikin, D. O.; Gimadeeva, L. V.; Ankudinov, A. V,; Hu, Q;
Shur, V. Y.; Kholkin, A. L. In-Plane Polarization Contribution to the
Vertical Piezoresponse Force Microscopy Signal Mediated by the
Cantilever “Buckling”. Appl. Surf. Sci. 2021, 543, No. 148808.

(43) Moore, S. L.; Ciccarino, C. J.; Halbertal, D.; McGilly, L. J.;
Finney, N. R; Yao, K;; Shao, Y.; Ni, G.; Sternbach, A.; Telford, E. J.;
Kim, B. S.; Rossi, S. E.; Watanabe, K.; Taniguchi, T.; Pasupathy, A.
N,; Dean, C. R; Hone, J; Schuck, P. J.; Narang, P.; Basov, D. N.
Nanoscale Lattice Dynamics in Hexagonal Boron Nitride Moiré
Superlattices. Nat. Commun. 2021, 12, 5741.

(44) Halbertal, D.; Klebl, L.; Hsieh, V.; Cook, J.; Carr, S.; Bian, G.;
Dean, C. R; Kennes, D. M,; Basov, D. N. Multilayered Atomic
Relaxation in Van Der Waals Heterostructures. Phys. Rev. X 2023, 13,
No. 011026.

(45) Zhang, H; Wei, Y;; Li, Y,; Lin, S.; Wang, J.; Taniguchi, T.;
Watanabe, K; Li, J; Shi, Y; Wang, X; Shi, Y,; Fei, Z. Layer-
Dependent Electromechanical Response in Twisted Graphene Moiré
Superlattices. ACS Nano 2024, 18, 17570—17577.

(46) Halbertal, D.; Shabani, S.; Passupathy, A. N.; Basov, D. N.
Extracting the Strain Matrix and Twist Angle from the Moire
Superlattice in Van Der Waals Heterostructures. ACS Nano 2022, 16,
1471-1476.

(47) Duerloo, K-A. N.; Ong, M. T.; Reed, E. ]J. Intrinsic
Piezoelectricity in Two-Dimensional Materials. J. Phys. Chem. Lett.
2012, 3, 2871-2876.

https://doi.org/10.1021/acsnano.4c12315
ACS Nano 2025, 19, 16297—-16306


https://doi.org/10.1021/acs.nanolett.7b02198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1126/science.abe8177
https://doi.org/10.1126/science.abd3230
https://doi.org/10.1126/science.abd3230
https://doi.org/10.1038/s41467-020-20667-2
https://doi.org/10.1038/s41467-020-20667-2
https://doi.org/10.1021/acsnano.7b02756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b02756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b02756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-023-37337-8
https://doi.org/10.1038/s41467-023-37337-8
https://doi.org/10.1103/PhysRevB.103.125427
https://doi.org/10.1103/PhysRevB.103.125427
https://doi.org/10.1038/nature16463
https://doi.org/10.1038/nature16463
https://doi.org/10.1038/s41586-019-1092-8
https://doi.org/10.1038/s41563-020-0694-8
https://doi.org/10.1038/nature17659
https://doi.org/10.1038/nature17659
https://doi.org/10.1038/s41586-021-04338-w
https://doi.org/10.1038/s41586-021-04338-w
https://doi.org/10.1038/s41565-020-0708-3
https://doi.org/10.1038/s41565-020-0708-3
https://doi.org/10.1002/adma.202105879
https://doi.org/10.1002/adma.202105879
https://doi.org/10.1111/jmi.12938
https://doi.org/10.1111/jmi.12938
https://doi.org/10.1021/acsnano.1c11107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c11107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-022-05341-5
https://doi.org/10.1103/PhysRevLett.111.036104
https://doi.org/10.1103/PhysRevLett.111.036104
https://doi.org/10.1103/PhysRevB.99.205134
https://doi.org/10.1103/PhysRevB.99.205134
https://doi.org/10.1103/PhysRevB.99.205134
https://doi.org/10.1103/PhysRevB.105.235445
https://doi.org/10.1103/PhysRevB.105.235445
https://doi.org/10.1038/s41563-021-00973-w
https://doi.org/10.1038/s41563-021-00960-1
https://doi.org/10.1038/s41563-021-00960-1
https://doi.org/10.1021/acsnano.9b02883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0957-4484/24/43/432001
https://doi.org/10.1088/0957-4484/24/43/432001
https://doi.org/10.1038/s42254-020-00276-0
https://doi.org/10.1038/s42254-020-00276-0
https://doi.org/10.1038/nnano.2015.260
https://doi.org/10.1038/nnano.2015.260
https://doi.org/10.1063/1.3327831
https://doi.org/10.1063/1.3327831
https://doi.org/10.1063/1.3327831
https://doi.org/10.1016/j.apsusc.2020.148808
https://doi.org/10.1016/j.apsusc.2020.148808
https://doi.org/10.1016/j.apsusc.2020.148808
https://doi.org/10.1038/s41467-021-26072-7
https://doi.org/10.1038/s41467-021-26072-7
https://doi.org/10.1103/PhysRevX.13.011026
https://doi.org/10.1103/PhysRevX.13.011026
https://doi.org/10.1021/acsnano.4c01794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c01794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c01794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c09789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c09789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz3012436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz3012436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c12315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org

(48) Rajabifar, B.; Jadhav, J. M.; Kiracofe, D.; Meyers, G. F.; Raman,
A. Dynamic Afm on Viscoelastic Polymer Samples with Surface
Forces. Macromolecules 2018, 51, 9649—9661.

(49) Hao, Z.; Zimmerman, A. M.; Ledwith, P.; Khalaf, E.;
Najafabadi, D. H.; Watanabe, K; Taniguchi, T.; Vishwanath, A,;
Kim, P. Electric Field Tunable Superconductivity in Alternating-Twist
Magic-Angle Trilayer Graphene. Science 2021, 371, 1133—1138.

(50) Park, J. M; Cao, Y.; Watanabe, K.; Taniguchi, T.; Jarillo-
Herrero, P. Tunable Strongly Coupled Superconductivity in Magic-
Angle Twisted Trilayer Graphene. Nature 2021, 590, 249—25S.

(51) Park, J. M,; Cao, Y,; Xia, L.-Q; Sun, S.; Watanabe, K,;
Taniguchi, T; Jarillo-Herrero, P. Robust Superconductivity in Magic-
Angle Multilayer Graphene Family. Nat. Mater. 2022, 21, 877—883.

(52) Li, Y.; Xue, M.; Fan, H.; Gao, C.-F.; Shi, Y.; Liu, Y.; Watanabe,
K,; Tanguchi, T,; Zhao, Y.; Wu, F; Wang, X; Shi, Y,; Guo, W,;
Zhang, Z.; Fei, Z; Li, ]J. Symmetry Breaking and Anomalous
Conductivity in a Double-Moiré Superlattice. Nano Lett. 2022, 22,
6215—6222.

(53) Zhang, X; Tsai, K.-T.; Zhu, Z.; Ren, W; Luo, Y.; Carr, S;
Luskin, M.; Kaxiras, E.; Wang, K. Correlated Insulating States and
Transport Signature of Superconductivity in Twisted Trilayer
Graphene Superlattices. Phys. Rev. Lett. 2021, 127, No. 166802.

(54) Burg, G. W.; Khalaf, E.; Wang, Y.; Watanabe, K.; Taniguchi, T.;
Tutuc, E. Emergence of Correlations in Alternating Twist Quadrilayer
Graphene. Nat. Mater. 2022, 21, 884—889.

(55) Axt, A; Hermes, I. M.; Bergmann, V. W.; Tausendpfund, N.;
Weber, S. A. L. Know Your Full Potential: Quantitative Kelvin Probe
Force Microscopy on Nanoscale Electrical Devices. Beilstein J.
Nanotechnol. 2018, 9, 1809—1819.

(56) Kim, D. S.; Dominguez, R. C.; Mayorga-Luna, R; Ye, D,;
Embley, J.; Tan, T.; Ni, Y.; Liu, Z; Ford, M.; Gao, F. Y,; Arash, S,;
Watanabe, K.; Taniguchi, T.; Kim, S.; Shih, C.-K; Lai, K; Yao, W,;
Yang, L; Li, X,; Miyahara, Y. Electrostatic Moiré Potential from
Twisted Hexagonal Boron Nitride Layers. Nat. Mater. 2024, 23, 65—
70.

(57) Taniguchi, T.; Watanabe, K. Synthesis of High-Purity Boron
Nitride Single Crystals under High Pressure by Using Ba—Bn Solvent.
J. Cryst. Growth 2007, 303, 525—529.

(58) Kim, K.; Yankowitz, M.; Fallahazad, B.; Kang, S.; Movva, H. C.
P.; Huang, S.; Larentis, S.; Corbet, C. M.; Taniguchi, T.; Watanabe,
K; Banerjee, S. K; LeRoy, B. J; Tutuc, E; Der, Van Waals
Heterostructures with High Accuracy Rotational Alignment. Nano
Lett. 2016, 16, 1989—1995.

(59) Casiraghi, C.; Hartschuh, A.; Lidorikis, E; Qian, H;
Harutyunyan, H.; Gokus, T.; Novoselov, K. S.; Ferrari, A. C. Rayleigh
Imaging of Graphene and Graphene Layers. Nano Lett. 2007, 7,
2711-2717.

(60) Purdie, D. G.; Pugno, N. M.; Taniguchi, T.; Watanabe, K;
Ferrari, A. C.; Lombardo, A. Cleaning Interfaces in Layered Materials
Heterostructures. Nat. Commun. 2018, 9, 5387.

(61) Gorbachev, R. V; Riaz, I; Nair, R. R;; Jalil, R; Britnell, L.;
Belle, B. D.; Hill, E. W.; Novoselov, K. S.; Watanabe, K.; Taniguchi,
T.; Geim, A. K; Blake, P. Hunting for Monolayer Boron Nitride:
Optical and Raman Signatures. Small 2011, 7, 465—468.

(62) Chiodini, S.; Ruiz-Rincén, S.; Garcia, P. D.; Martin, S.;
Kettelhoit, K.; Armenia, I; Werz, D. B.; Cea, P. Bottom Effect in
Atomic Force Microscopy Nanomechanics. Small 2020, 16,
No. 2000269.

(63) Cellini, F.; Lavini, F.; Chen, E.; Bongiorno, A.; Popovic, F.;
Hartman, R. L.; Dingreville, R,; Riedo, E. Pressure-Induced
Formation and Mechanical Properties of 2d Diamond Boron Nitride.
Adv. Sci. 2021, 8, No. 2002541.

16306

https://doi.org/10.1021/acsnano.4c12315
ACS Nano 2025, 19, 16297—-16306


https://doi.org/10.1021/acs.macromol.8b01485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abg0399
https://doi.org/10.1126/science.abg0399
https://doi.org/10.1038/s41586-021-03192-0
https://doi.org/10.1038/s41586-021-03192-0
https://doi.org/10.1038/s41563-022-01287-1
https://doi.org/10.1038/s41563-022-01287-1
https://doi.org/10.1021/acs.nanolett.2c01710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c01710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.127.166802
https://doi.org/10.1103/PhysRevLett.127.166802
https://doi.org/10.1103/PhysRevLett.127.166802
https://doi.org/10.1038/s41563-022-01286-2
https://doi.org/10.1038/s41563-022-01286-2
https://doi.org/10.3762/bjnano.9.172
https://doi.org/10.3762/bjnano.9.172
https://doi.org/10.1038/s41563-023-01637-7
https://doi.org/10.1038/s41563-023-01637-7
https://doi.org/10.1016/j.jcrysgro.2006.12.061
https://doi.org/10.1016/j.jcrysgro.2006.12.061
https://doi.org/10.1021/acs.nanolett.5b05263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b05263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl071168m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl071168m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1002/smll.201001628
https://doi.org/10.1002/smll.201001628
https://doi.org/10.1002/smll.202000269
https://doi.org/10.1002/smll.202000269
https://doi.org/10.1002/advs.202002541
https://doi.org/10.1002/advs.202002541
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c12315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

