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Ferroelectric materials are fascinating for their non-volatile switchable electric
polarizations induced by the spontaneous inversion-symmetry breaking. However,
inall of the conventional ferroelectric compounds, at least two constituentions are
required to support the polarization switching* Here, we report the observation of a

single-element ferroelectric state in a black phosphorus-like bismuth layer?, in which
the ordered charge transfer and the regular atom distortion between sublattices
happen simultaneously. Instead of ahomogenous orbital configuration that ordinarily
occursin elementary substances, we found the Bi atoms in a black phosphorous-like
Bi monolayer maintain a weak and anisotropic sp orbital hybridization, giving rise

to theinversion-symmetry-broken buckled structure accompanied with charge
redistribution in the unit cell. As aresult, the in-plane electric polarization emerges
inthe Bi monolayer. Using the in-plane electric field produced by scanning probe
microscopy, ferroelectric switchingis further visualized experimentally. Owing to
the conjugative locking between the charge transfer and atom displacement, we also
observe the anomalous electric potential profile at the 180° tail-to-tail domain wall
induced by competition between the electronic structure and electric polarization.
This emergent single-element ferroelectricity broadens the mechanism of
ferroelectrics and may enrich the applications of ferroelectronics in the future.

Ferroelectrics are well known for their applications in the non-volatile
memories* and electric sensors®, and their applications have been
extended to the areas of ferroelectric photovoltaics for the efficient
renewable energy harvesting® and synaptic devices for the powerful
neuromorphic computing’. Recently, research on ferroelectrics has
been expanded to the two-dimensional (2D) limits with distinct perfor-
mance® ', including perovskite ferroelectrics at the unit-cell thickness™?,
single layer ferroelectrics with in-plane or out-of-plane polarization>**
and 2D moiré ferroelectrics by the van der Waals stacking'>'.
Normally, ferroelectric materials are compounds that consist of two
or more different constituent elements'2. The electron redistribution
during the chemical bond formationinstantaneously renormalizes the
valence orbitals and yields the anion and cation centres. Further relative
distortion, sliding or charge transfer between the positive and negative
charge centresinaunit cell produces the ordering of electricdipolesto
sustain the ferroelectricity” . By contrast, as the atomsin a unit cell of
anelementary substance areidentical, ordered electric dipole or even
ferroelectric polarization seem difficult to form spontaneously. The
realization of single-element ferroelectricity also lacks experimental
demonstration so far. Nevertheless, elements situated between met-
alsandinsulatorsin the periodic table show flexible bonding abilities
toadopt several states in one system, such as Sn atoms in the 2D Sn,Bi

honeycomb structure show binary states?®?. Evenin elemental boron,
ionicity with inter-sublattice charge transfer was found to arise from
the different bonding configurations in each sublattice (B,, and B,)*.
The subtle balance between metallic and insulating states in these
elements is easy to shift by the different sublattice environments so
that both states may be realized simultaneously in a unit cell, provid-
ing possibilities to produce cations and anionsin aunitcell to achieve
ferroelectricity in single-element materials. Recently, some theoreti-
cal works have been devoted to exploring single-element polarity or
ferroelectricity in elemental Si (ref. 23), P (ref. 24,25), As (ref. 25), Sb
(ref. 25,26), Te (ref. 27) and Bi (ref. 25,26). In particular, Xiao et al. pre-
dicted that the family of group-V single-element materials in a 2D
van der Waals form?, that is, the monolayer As, Sb and Bi in the aniso-
tropic a-phase structure, have a non-centrosymmetric ground state
to supportboth cations and anions in a unit celland produce in-plane
ferroelectric polarization along the armchair direction.

Spontaneous symmetry breaking in single BP-Bilayer

The monolayer a-phase Bi has a lattice structure similar to black
phosphorous®?, and will be referred to black phosphorous-like-Bi
(BP-Bi) thereafter. Owing to the ultra-large atomic number, Bi has a
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Fig.1|Non-centrosymmetric structure of BP-Bi. a, Schematic lattice structure
of single layer BP-Bi. Top and side views of Ah = d, state are shownin the top and
middle panels, respectively. For the Ah = -d, state, only aside-view modelis
showninthebottom panel. The topmost Bi atoms are coloured light blue to only
guidetheeyeforabetter comparisonwith AFMimages.b, Calculated free
energy per unitcell (u.c.) and polarization Pversus the buckling Ah show an
anharmonic double-well potential and nearly linear relation, respectively.
c,Band structure of BP-Bi when Ah adopts the right minimum (d,) of the double-
wellpotentialinb. Thesize of thered (blue) circles represents the contributions
ofthe p, orbital of sublattice A(B).d, Illustration of the revolution of p, orbitals at
sublattice Aand B (top panel). Projected p, valence charge density corresponding

weak hybridization between the 6s and 6p orbitals so that it features
partial sp? character other than the homogenous tetrahedral sp* con-
figuration that exists in the black phosphorus?*?, This brings inasmall
buckling (Ah) between the neighbouring sublattices with the loss of
centrosymmetry®>!, As shown in Fig. 1a, the breaking of inversion sym-
metry allows BP-Bi to adopt two domain states, either the Ah =d, or
Ah=-d, state. Our first-principles calculations reveal the two states
can be switched to each other by crossing a small energy barrier of
43 meV per unit cell (Fig. 1b). Moreover, the buckling degree of free-
dom enlarges the band gap and lifts the degeneracy of the p, orbitals
atsublattice Aand B (Extended DataFig.1). Taking Ah = d, for instance
(Fig. 1c, Ah adopts the right minimum of the double-well potential),
the valence band and conduction band at the I' point are mainly con-
tributed by the p, orbitals of Aand B sublattice, respectively. When the
Fermilevel crosses the band gap, the valence p, orbitals at the A sublat-
tice are fully occupied, and the p, orbitals at the B lattice are empty. In
real space, this corresponds to electron transfer from sublattice B to
sublattice A, leading to aspontaneously polarized character (Fig. 1d).
The anharmonic double-well potential with a small barrier implies
the possible ferroelectric switch between the two domain states. The
nearly linear dependence between the polarization (P) and the buckling
degree (Ah), along with the mirror (glide) symmetry refer to the (01)
surface (in-plane central surface) (Fig. 1a), indicate that Ahis an order
parameter to characterize the ferroelectricity of BP-Bi.
Experimentally, we grew BP-Bion highly oriented pyrolytic graphite
(HOPG). Figure 1e shows ascanning tunnelling microscopy (STM) image
of themonolayer BP-Bi with some second layer nanoribbons along the
[01] direction (Extended Data Fig. 2a)*2. The atomic-resolved non-
contact atomic force microscopy (AFM) measurement indicates two
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tothree buckling conditions (Ah=-d,, Ah=0,Ah=d,) are shownin the bottom
panel.e, STMimage of BP-Bion HOPG (V=0.2V,/=10 pA).Scale bar,10 nm.

f.g, AFMimages of two domains (D1 (f) and D2 (g)). Ball-and-stick models of
thetop two layers are superimposed to highlight the atom position. h, d//dV
measured atthedomainareaand adomainwall (head-to-head, V=0.7V,
I=1.2nA). The density-of-states (DOS) maximum corresponding to the p,bands
atTl pointislabelled as £;and £;. i, Af(z) spectrameasured on the two sublatticed
infandg.A,and B, are up-shifted by 2 Hz for clarity. Vertical short bars mark the
turn points of the Af(2) curves. Tip height z=-260 pm (f,g,i) relative to the height
determined by the setpoint V=100 mV, /=10 pA above the BP-Bisurface.

different states in two neighbouring domains separated by a domain
wall (Fig.1f,g and Extended Data Figs. 3f-o and 8). We performed force
spectroscopy measurements (the Af(z) spectra) to find out the relative
distance between the Bi atoms and tip apex®. At the constant-height
mode, the measured height difference of the turning points of the Af(z)
spectraonsublattice Aand BinFig. 1i quantitatively present the buck-
ling degree, and theresult Ah,=-Ah; =40 pmis determined (Extended
Data Fig. 5a-d). The d//dV spectrum at the domain wall shows the p,
bands (£; and E;) moving to a higher binding energy compared to the
normal domain position, and a sharp peak occurs in the band gap
(Fig.1h), which will be elaborated in detail later.

In-plane polarization

Inthe buckling structure, the charge transfer between the sublattice A
and B of BP-Bi is represented by the energy splitting of the p, orbitals
and the variation of the surface electrostatic potential between A and B.
According to the calculated band structure in Fig. 1c, the d//dV peak
corresponding to p, orbitals should be below zero (occupied state, F;)
for one sublattice but above zero (empty state, E;) for the other sub-
lattice. Figure 2b shows the d//dV cascade along the red dashed arrow
(acrossan ABABA lattice) in Fig. 2a, revealing two traces of peaks. The
valence band peak £;is clearly strong at the A sublattice (that s, points
1,3,5) but weak at the B sublattice (points 2, 4), whereas the conduction
band peak E; shows the opposite behaviour. At the 2D scale, the d//dV
mapping of the valence band (Fig. 2¢c) and conduction band (Fig. 2d)
show the same feature: filled p, orbitals localize at the A sublattice,
while the empty p, orbitals localize at the B sublattice, confirming the
predicted electron transfer fromBto A.
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Fig.2|Electronredistribution at A and B sublattice of monolayer BP-Bi.

a, AFMimage of amonolayer BP-Bi. Red and blue dotted circles highlight two
atoms in the two sublattices. Scalebar, 4.0 A.b, Constant-height d//dVspectra
obtained alongthered dashed arrowina. c,d, Constant-height d//dVmapping
ofthe occupied states (c) and empty states (d) in the same areaasa. e, Typical
frequency shift (Af) curve as afunction of sample bias is measured above the Bi
atoms at the constant-height mode (black circles). Red parabolic fitting (red
solidline) yields the V*at the maximumtorepresent the LCPD. Theinset shows

Another piece of evidence to prove electron transfer is the disparity
inthe local contact potential difference (LCPD) on each sublattice at
atomic scale**, Figure 2e presents a typical Kelvin probe force micros-
copy (KPFM) measurementimplemented by recording the frequency
shift as a function of the sample bias voltage. The electrostatic force
caused by the contact potential difference (CPD) between the sample
and tip changes by sweeping the bias voltage. When the CPD is totally
compensated by the bias (Vp = V'), the electrostatic force reaches the
minimum, corresponding to the parabolic apexin the frequency shift
curve in Fig. 2e. By recording the bias voltage V' site by site in a lateral
grid, the surface potential is mapped out and shown in Fig.2g. AFM was
performed simultaneously to determine the atomic structure at the
same area (Fig. 2f). It is obvious that the two sublattices A and B have
different surface potentials. Using the spontaneous buckled model
(Fig. 1a), we calculated the electrostatic potential shown in Fig. 2h,
whichreproducesthe experimental LCPD map and indicates the elec-
tron enrichment at the topmost A sublattice. Ultimately, on the basis
oftheabove d//dVand LCPD measurement combined with thein-plane
distorted atomstructure, the in-plane polarization can be confirmed.

Ferroelectric switching

The polarization of a ferroelectric material can be reversed by an
applied electric field*. In our experiments, we use the in-plane com-
ponent of electric field from the conductive STM/AFM tip to switch
the polarization of small ferroelectric domains close to the tip¥. To
facilitate the switching, we set the tip near a domain wall so that the
size of the switched domain is comparable to the limited range of the
electricfield produced by the tip end (Fig. 3a). During the sample bias
sweepingataspecifictip height, the /Vspectraare recorded as shown
in Fig. 3d. When the voltage ramps from negative to positive bias, a
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the uniform fitted residual. f, AFM image of the normal BP-Bi contains four
topmost Aatomsand one Batominthemiddle.g, LCPD grid map (30 x 30)
measured atthe area of fillustrates the localized potential difference between
the Aand B sublattices. h, Simulated electrostatic potential above the same
structureatadistance of 3 A from the top Bi plane. Dotted circlesingand h
mark the position of Aand Batoms. Tip heights z=-260 pm (a), -100 pm
(b),-150 pm (c,d), -230 pm (f) and -100 pm (e,g), relative to the height
determined by the setpoint V=100 mV,/=10 pA above the BP-Bisurface.

low conductance appearsataround 0.2 Vdue to the band gap of BP-Bi
under the tip (blue series curves). Continuous bias increase causes a
small currentjump labelled by the red vertical bars. While sweeping the
voltage back (from positive to negative), alarger hysteretic current is
maintained with a substantial conductance emergingataround 0.2 Vin
thegap (red series curves). According to the d//dV curves of the domain
wall (Fig.1h), the large in-gap currentindicates the domainwall hasbeen
moved to the tip position during the application of the positive bias.
Whenthebias voltage reaches anegative value Vg, the currentjumps to
the originallevel, suggesting the domain wallis moved back. The AFM
images (Fig. 3b,c) after the forwards and backwards voltage sweeping
demonstrate the movement of the domain wall directly. Figure 3c shows
the domain wallmovement to the left side with adistance of four lattice
periods after the forwards manipulation, and Fig. 3b shows the domain
wallmoving back to the original position after changing the bias back-
wards to below V. Accordingly, the ferroelectric switching between
the two domain states (Ah = d,and Ah = -d,) is experimentally verified.
The domain wall in Fig. 3a can be assigned to the 180° head-to-head
ferroelectric domain wall with the polarization labelled in Fig. 3b,c.
Inthe hysteretic domain manipulation, the switching voltage at both
positive bias side (V) and negative bias side (Vs,) show tip-height
dependence. When the relative tip height Az rises from 0 to 60 pm,
the switching voltage Vs, at the positive bias side is found toincrease
while V,, at the negative bias decreases (Fig. 3d,e). We also measured
the LCPD at different heights (Vpp) (Fig. 3e), which reveals a gradual
LCPD decrease with the tip height (Az) climb due to the semimetallicity
of graphite®, The tip in our setup is grounded with a bias voltage (V5)
appliedtothe sample, theelectric potential of the HOPG canbe written
as @¢ = Vs - Vpp. Thus, the increase of tip height strengthens the elec-
tric field under the tip through the decrease of the V,,, but weakens
the electric field by the rise of the tip-sample distance. Nonetheless,
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Fig.3|Ferroelectric domain switchingby STM/AFM tip.a, AFMimage of a
180° head-to-head domain wall of monolayer BP-Bi. Scale bar,20 A. b,c, AFM
images of the same area marked by thered rectangleina, show the reversal
switching before (b) and after (c) the manipulation. Scalebars, 6.0 A.Thered
dotsmark thelocation of tip during switching. The side-view models are putin
the upper panels of (a-c).d, Series of /V curves with the sample bias sweeping at
different tip-sample distances (from Az=0to 60 pm). The inset schematically
shows how the polarization of BP-Bichanges with electric field. Red vertical

because @ is small at the negative bias side and large at the positive bias
side, wefind the electricfieldis dominated by the LCPD at the negative
bias side (Vsy), and dominated by the tip-sample distance at the posi-
tive bias side (Extended Data Fig. 7g,h). Therefore, the switching bias
required to trigger the same domain switch at a higher tip height has
todecrease at the negative bias side but increasing at the positive bias
sideaccordingly, which also explains the correlated variation between
Vowand Vgpp in Fig. 3e.

Quantitatively, the electric potential and electric field below the tip
arederived by solving the Poisson equation in prolate spheroidal coor-
dinates. The switch bias at the positive bias side wassetto Vs=1.0V
(approximately @5 =1.6 eV). The calculated results are shownin Fig. 3g.
Differentiating the electric potential on the BP-Bisurface (@) produces
anin-plane electric field of as large as —20 mV A™ at the distance of
roughly10 A to the centre (r=0 A). Onthe other hand, we can estimate
the coercive field by E.=2./-a>/278, where a =~-8.93 x 10 ® F'and
B=4.25x10" m?> CF'are the coefficients of the second-and fourth-
order termsin the Landau modelfitted to the density functional theory-
(DFT-) derived double-well potential in Fig. 1b (ref. 36). The estimated
E.=15.7mV Ais comparable to the calculated in-plane electric field
above (Fig. 3g). This may be understood that the highly localized
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bars mark the switching voltage at the positive bias side. e, Tip-height
dependent switching voltage (Vs,) and measured CPD (V). Error bars
represent the standard deviation from several measurements. f, Schematic
diagramof the electric field produced by the STM/AFM tip. g, Calculated
electric potentialand in-plane electric field on the BP-Bisurface. Tip height
z=-260 pm (a),-250 pm (b,c) and theinitial tip height (Az=0pm)ind,eis
-50 pmrelativeto the height determined by the setpoint V=100 mV, /=10 pA
above the BP-Bisurface.

in-plane electric field works mainly on the domain part between tip
andwall, thus demanding that theelectricfield overcomesE.. Itis notice-
ablethattheyarealso closetothatinthereportedferroelectric polymer
PVDF* and strained transition metal oxides***. As spontaneous polar-
ization (P,) is determined by the same a and S through P,= ./-a/p, the
consistency between E.and in-plane electric field £in our experiment
also verifies the DFT result P,= 0.41 x 10° C per m (Fig. 1b), which resem-
bles the polarization of monolayer SnTe (roughly 1x107° C per m)*.

180° domain walls

Besides the 180° head-to-head domain wall in the monolayer BP-Bi
(Figs. 1e, 3a, 4a and Extended Data Fig. 9), we also observe the conju-
gated 180° tail-to-tail domain wall (Fig. 4c). The AFM measurements
show that the 180° head-to-head domain wall has a wall width of
about 15 A (three unit cells, shadow area in Fig. 4e), whereas the 180°
tail-to-tail domain wall has awider width of roughly 56 A (12 unit cells,
shadow areainFig.4g). The d//dVmeasurements of the head-to-head
domain wall reveal a one-dimensional electronic state in the band
gap, and both conduction band and valence band near the wall bend
to a higher binding energy (Fig. 4b), indicating the accumulation of
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Fig.4|Domainwidth andband bending at the180° domainwalls.a,c, AFM
images of the180° head-to-head domain wall (a) and tail-to-tail domain wall

(c) with the side-view modelsinrespective upper panels. Scale bars, 20 A.bd,
d//dVline maps perpendicularly cross the domain walls along the red dashed
arrowsinaand cshow the band evolution of the head-to-head (b) and tail-to-tail
(d) domainwall.e,g, Experimental buckling degree of Bi atoms around the
head-to-head domain wall (e) and tail-to-tail domain wall (g). f h, Band bending
ofthe head-to-head domain wall (f) and tail-to-tail domain wall (h) measured by
tracing the £, peakin the d//dVline maps (black dots), and LCPD measurement
(red dots).i-1, The calculated order parameter (i,k) and electric profile (j,I) of

electrons around the wall. A close determination of the band bend-
ing by extracting £; peak and measuring the LCPD by KPFM show the
same bending profile and a total band bending of about 170 meV
(Fig.4f). When turning to the tail-to-tail domain wall, the d//dVspectra,
however, show the incongruous band movement in the valence band
and conduction band (Fig. 4d). The same band bending assessment
methods by the E; analysis and LCPD measurement in Fig. 4h suggest
asmaller butidentical bending direction to the head-to-head domain
wall (Fig. 4f).

To understand the experimental observation above, we calculate
the order parameter profile at the domain wall using the Landau-
Ginzburg-Devonshire theory****. Considering the intrinsic p-type
doping (Extended Data Fig. 4), the screened Coulomb interaction is
included to takeinto account the screening effect of charge carriers on
the ferroelectricinstability®. Figure 4i-1shows the calculated wall width
and surface potential profile in the 180° head-to-head and tail-to-tail
domainwalls. Itis apparent that thereis nearly no difference between
the cases with or without the screened Coulomb interaction in the
head-to-head domainwall (Fig. 4i,j). The wallwidthis about three unit
cells and the surface potential increase exponentially at the domain
wall, consistent with the experimental observations (Fig. 4e,f). How-
ever, for the tail-to-tail domain wall, the wall width and the surface
potential have totally different behaviours regarding the cases with
and without a screened Coulomb interaction (Fig. 4k,l). For the case
without a screened Coulomb interaction, the tail-to-tail domain wall
has asimilar narrow width (three unit cells) as the head-to-head domain
wall.Involving the screened Coulombinteraction resultsin awall width
four times larger (12 unit cells), which matches the experimental
observations.
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the head-to-head (i,j) and tail-to-tail (k,I) domain wall with (w, red) or without
(w/o, blue) considering the screened Coulomb interaction (SC) on the basis of
the thermodynamictheory. Thered solid curvesin (k,I) are the calculated
results containing the buckling-dependent work function variation (WF) in the
tail-to-taildomain wall. The shadow areasin e, g, i and k highlight the width of
respective domain walls. Wall width is defined by |Ah| < d, x tanh(1). Tip heights
z=-250 pm (a),-50 pm (b,f),-260 pm (c),-60 pm (d,h) and -290 pm (e,g),
relative to the height determined by the setpoint V=100 mV, /=10 pA above the
normal BP-Bisurface.

As demonstrated, BP-Bi is heavily p-type doped (Extended Data
Fig. 4). The upwards band bending at the tail-to-tail domain wall in
principle willincrease the local carrier concentration drastically, which
accordingly decrease the Thomas-Fermiscreeninglength and strongly
screenthe Coulombinteraction or depress the spontaneous polariza-
tion P (refs. 46,47). Generally, the wall width can be simplified as
Dy =4./k/2P2B (kis the gradient coefficient)*, thus the rise of charge
carrier density at the domain wall broadens the wall width and flattens
the surface potential at tail-to-tail domain wall (red dashed lines in
Fig. 4k,1). By contrast, the band bending at the head-to-head domain
wall makes the Fermilevel shift to the middle of the band gap and less-
ens the carrier density, which consequently narrows the wall width
(Fig. 4i). However, as the screening length at low carrier density is nota-
bly larger than the efficient range of the Coulomb interaction®, the
screening effect changes little with the continued reduction of the
carrier concentration, resulting inaslight width shrinking at the head-
to-head domainwall.

Inaddition, the evolution of the electronic structure correlated to the
atomic buckling (Ah) at the tail-to-tail domain wall is discussed. Early
theoretical and experimental research showed that the band structure
is highly buckling dependent®**8, Our refined DFT calculations suggest
that the position of the Fermi level decreases monotonously with the
buckling reduction (Extended Data Fig. 1c), whichimplies anincrease
inthe work function or gradual charge transfer between the substrate
and BP-Bi layer at the wide tail-to-tail domain wall. With this consid-
eration, the amended calculation of the surface potential reverses
at the tail-to-tail domain wall, and acts as a similar band bending as
that of the head-to-head domain wall (red solid curve in Fig. 41). This
result reproduces the electric potential measurements (Fig. 4h) and
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illustrates the conjugative correlations between electronic structure
and ferroelectric distortion in this monolayer BP-Bi system.

Conclusion

In this work, we experimentally confirmed in-plane polarization and
observed ferroelectric switchinginasingle-element BP-Bi monolayer,
demonstrating the capability torealize ferroelectric polarizationinan
elementary substance or single-element compound? (for example,
bismuth bismuthide here). The spontaneous charge redistribution
and the ferroelectric atomic distortion in the BP-Bi show the intercor-
relation between the electronic structure and inversion symmetry.
Owing to the heavily p-type doping of BP-Bi, the screened Coulomb
interaction from the carrier density and the electronic modulation
by the ferroelectric distortion were observed at the 180° tail-to-tail
domain wall. The single-element ferroelectricity inspires the advan-
tages of ferroelectrics to electrically modulate the band structure, as
well as other potential emergent phenomena such as topology and
superconductivity beyond magnetism®.
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Methods

Sample preparation and characterization

Single layer BP-Biwas preparedinan ultra-high vacuum molecular-beam
epitaxy chamber that connected to the Omicron LT-STM system
(1x107° mbar). HOPG was first cleaved in air and then immediately
loaded into the molecular-beam epitaxy chamber to degas the surface
contamination. Bismuth with a purity of 99.999% was evaporated by
aK-cell to the substrate that kept at room temperature. All the STM
or scanning tunnelling spectroscopy (STS) and AFM/KPFM measure-
ments were performed at 4.3 K with a tungsten tip glued to the qPlus
AFM sensor, except the variable temperature experiment reached the
respective temperature by the liquid nitrogen cryostat cooling and
resistance counter heating. The clean and atomically sharp tip was
obtained by repeat voltage pulses and controllable indentations on
the Au(111) substrate. Further vertical CO molecule manipulation was
carried out on the same surface to get a CO functionalized apex®. Dif-
ferential conductance (d//dV) was obtained by alock-intechnique with a
3-10-mVand 963-Hz modulation superimposed on the samplebias. The
AFM sensor with aresonance frequency of 27 kHz and a quality factor
0f30,000-70,000 was excited to an amplitude of 40 pm for the AFM
measurement and 60 pm for the KPFM measurement. All the images
havebeen processed and rendered using MATLAB and WSxM software*°.

First-principles calculations

First-principle calculations were carried out within the DFT formalism,
asimplemented inthe Vienna Ab initio Simulation Package®. The local
density approximation was used for exchange-correlation functional
with a projector augmented-wave® pseudopotentials, treating Bi 5d
6s 6p as valence electrons. The cut-off of the plane wave basis was set
above 500 eVto guarantee that the absolute energies are converged to
1 meV. Grimme’s method** was used to incorporate the effects of van der
Waalsinteractionsin all geometry optimizations. The vacuum region
was set to larger than 25 A to minimize artificial interactions between
images. The 2D Brillouin zone was sampled by a Monkhorst-Pack>*
k-point mesh and it is 12 x 12 for the unit cell. The positions of atoms
were fully relaxed until the Hellmann-Feynman force on each atomwas
less than 0.01 eV A™. The convergence criteria for energy were set to
107 eV. The electronic-structure calculations were performed within
the scalar relativistic approximation, including a spin-orbit coupling
effect. Hybrid functional (HSE06)** was also used to confirm the band
gap. Allenergy levels were calibrated by the corresponding core levels.

Moiré pattern and domain wall

Owing to the twofold symmetry of the BP-Bi, the moiré patterns pro-
duced by stacking single layer BP-Bi on HOPG can be classified into two
categories: in type 1, the zigzag BP-Bi ([01] direction) aligns at a small
twistangle Owith respect to the zigzag direction of graphite; intype 2,
the zigzag BP-Bi aligns at a small twist angle 8 with respect to the arm-
chair direction of graphite. Among them, the +1.7° type 2 (8 = £1.7°)
moiré pattern is unique for the homogeneous stacking sequence
between BP-Bi and graphite along the short axis of the moiré superla-
ttice (Extended Data Fig. 2e), which therefore shows the stripe contrast
inthe STM measurement (Extended Data Fig. 2d). In this kind of moiré
pattern, the domain wall is constrained to along the stripe direction
owingtothe corresponding stripe-like strain and potential distribution
inthe moiré pattern (Extended Data Fig. 8a and the bottom-right part
of Extended DataFig.2a). Conversely, the type 1 moiré pattern has the
gradually changing stacking sequence along both periodic directions
(Extended Data Fig. 2b,c), thus allows the 180° domain wall with an
incline angle to exist (Extended Data Fig. 2a,f,g).

For allthe domain walls, there are two critical angles that are used to
describe them adequately: the angle between polarization vectors of
two neighbouring domains and the smallest angle between the domain
wall and the polarization vector nearby. We name the last one as the

incline angle and only use this part ahead of the domain’s name when
the front one is 180°. But we neglect the prefix when theincline angle is
90°, because thiskind of domain wall (90° inclined 180° head-to-head
or tail-to-tail domain wall) is the most frequently found (Figs. 3 and 4
and Extended Data Figs. 2a and 9). Extended Data Fig. 8 shows some
uncommon domain walls in the measurement, they are charged 54°
inclined 180° head-to-head domain wall (Extended Data Fig. 8a), neutral
90° head-to-tail domain wall (Extended Data Fig. 8b) and charged 90°
head-to-head domain wall (Extended Data Fig. 8c).

Band edge and band gap

From the d//dV measurement on BP-Bi domain area, it is easy to iden-
tify aband gap with the valence band maximum (VBM) near the Fermi
level and the conduction band minimum (CBM) at around 0.27 eV. To
determine the band structure and band edge precisely, we measured
the quasiparticle interference (QPI) of the VBM and CBM at the spa-
tial domain and energy domain (Extended Data Fig. 4). The Fourier
transform of the 2D STS maps at both valence band and conduction
band show the intravalley scattering characterized by the g.and g, in
the centre of the reciprocal space. Fourier transform-STS along the
high symmetry direction (I'-X,) show the parabolic dispersion at both
valenceband and valence band near the Fermi surface. The parabolic fit-
tings of the QPlyieldsthe VBMand CBMtobe at 26 + 5and 289 + 5 meV,
respectively, which confirms a band gap of roughly 260 meV and the
intrinsic hole doping in the BP-Bi.

Buckling determination and edge reconstruction
Extended Data Fig. 5 shows the AFM measurement of a crater and two
different zigzag edges in the BP-Bi. Although the crater is so small that
the edges are very short, the reconstruction can be easily confirmed on
the atomicscale. Further inspection of the long straight zigzag edges
inaBP-Biribbonisland also shows the same results. The reconstructed
gaps and 4a superperiod are responsible for the missing of regular
band bending at both zigzag edges (Supplementary Information)*.
Thebuckling (Ah) of the BP-Bicanbe roughly determined by obtaining
the height difference of the turning points of the Af(z) spectrathat were
measured above the A and B sublattice. A more precise measurement
requires the subtraction of the background force. Here we use the force
spectroscopy that was obtained at the crater as the van der Waals force
background (curve C). Removing this term gives asmaller buckling value
(Ah=0.38 A) but still adifferent frequency shift at the turning point of
the two Af(z) spectra, which means the background force at Aand B is
different. This can be understood to provide the information that the
nearest and next-nearest neighbours of A and B have different zcoordi-
natesand, the A and Batoms have different electrostatic charges. At the
tip-sample distance in our experiment, assuming that the electrostatic
charge difference is neglectable and the background force for Aand B
has the same form F,(z), thereof the (subtracted) net force for atom A
and B canbe writtenas F,(2) = F,(2) — F,(z— Ah) and Fo(2) = F3(2) — F,(2),
respectively. Because A and B are the same Bi element, curves F,,(2) and
F30(2) should be identical by a translation of Ak along the z direction,
which canbeexpressed as Fy,(z — Ah) = Fy,(2). With this consideration, we
derived the netbuckling Ah = 0.35 A as shown in Extended DataFig. 5d.
Nevertheless, as the derived net buckling (Ah = 0.35 A) is close to the
raw buckling (Ah = 0.40 A) that obtained without background-force
subtraction, and the difference between them fade away whenreducing
thebuckling to zero at the domain wall, we stilluse the raw buckling Ah
by simply calculating the height difference of the turning points of the
Af(z) spectrato depict the wall thickness in Fig. 4.

Domain manipulation

The polarization switching at another 180° head-to-head domain wall
is shown in the Extended Data Fig. 7. Similar to the one in Fig. 3, the
ferroelectric hysteresis during the electric field manipulation s distin-
guishable by the current variation at various tip-sample distances. But
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we note the switching voltage (Vs,) changes from wall to wall because
ofthe localized strain and defect, which is also the reason that causes
the hysteresis loop a lateral shift so that deviates from the symmetric
schematicin the inset of Fig. 3d (ref. 56).

Toevaluate theelectric field below the tip, we did the calculationin
the prolate spheroidal coordinates (5, £). By treating the tip surface
as ahyperboloid i, and the graphite surface as an infinite metal plane
n=0,the potential in the tunnelling gap reads:

Transformation to the Cartesian coordinates (r, z) gives rise to the
potential distribution @(r, z) and the derivative in-plane electric field
E(r) atthe BP-Bi plane (Fig. 3f,g).

In the meantime, the tip-height-dependent electric field at both
switch sides can be calculated. As shown in Extended Data Fig. 7g,h,
theelectricfieldintensity (absolute value) below the tip decreases with
the tip lifting at the positive bias side (V5= 0.7 V), but increases at the
negative biasside (Vs=-0.4 V). This suggests the electric field intensity
ismainly dominated by the tip-sample distance elongation at the posi-
tive side, while by the decline of V;p at the negative side, which explains
the upwards shift of Vs, Vsw, and downwards shift of Vg, Vow, when
increasing the tip-sample distance (Fig. 3d,e and Extended Data Fig. 7f).

Ferroelectric phase transition

Athigher temperatures, itis challenging to perform atomic force spec-
troscopy to extract the ferroelectric distortion directly. But the small
atomic distortion can be magnified by the moiré pattern so that it is
distinguishable by the STM topographic measurement directly. Par-
ticularly, the drastic buckling reversal at the 180° head-to-head domain
wall contribute to alateral shift of the moiré superlattice. Thisyields a
kink of the moiré lattice crossing the wall. Extended Data Fig. 9 shows
the domain wall we measured at a series of different temperatures in
the same area. At low temperatures, the kink produced by the 180°
head-to-head domain wall is easy to find (blue line), but it smears at
165 K and disappears at 210 K. Apart from the STM topography meas-
urement, we did the d//dVmeasurement at the domain wall, and found
the peak of the in-gap state also shows similar behaviour, that is, the
peak weakened with the rise of the temperature and disappeared at
210 K. The gradual changes of the kink and spectra not only exclude
the tip-induced domain manipulation that could move the domain wall
away by theelectricfield, butalso derive a Curie temperature of about
210 Kwith a possible second-order phase transition.

Calculation of the order parameter profile at the 180° head-to-
head and tail-to-tail domain wall

We use athree-dimensional (3D) counterpart that contains multilayers
of180° head-to-head or tail-to-tail domain walls along the z direction
to inspect the development of the domain profile. The equivalent 3D
modelwith anadjusted interlayer distance has the merits of involving
the screening effect of the substrate and simplifying the calculation
to be one-dimensional. To satisfy the free energy minimization of the
ferroelectrics with second-order phase transition, we have3¢434*

o _op

+ 3=
aP+ P o’ ox

where xis the axis perpendicular to the domain wall plane; a, B, khave
the same definitions as those in the maintextand >0, a=a,(T-T¢)

with the constant a, > 0. In the meantime, the electric potential ¢ and
polarization Pacross the domain wall (along the x axis) fulfil the Pois-
son equation

¢ P

where the gis the permittivity, p is the charge density that mainly con-
tributed by the band edges of BP-Bi. According to the density of states
(DOS) features reflected by the d//dV curve and the QPI measurement
inthe Extended Data Fig. 4, we approach the carrier concentration by
using the parabolic band edge at the CBM and a non-parabolic mode
at the VBM with the fitted parameters. At T=4.3 K under the 2D limit,
they can be approximated as
— szEn

n E.=E-—Ec+ e,
e "hz n F C
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Here, his the reduced Planck’s constant, £ is the Fermi energy level,
eisthe absolute value of the electron charge, m¢ (m,) and E¢ (E,) is the
effective-mass and the energy of the conduction (valence) band edge,
respectively. The solving of the differential equations above produces
the conjugated results at the head-to-head and tail-to-tail wall (blue
curvesin Fig. 4i-1).

When considering the Coulomb screening of the ferroelectric dipole,
we calculate the Curie temperature at different screening length or
charge concentration toinclude the screening term™*. Thus, we rewrite
the coefficient a as a,(T - T.(p)). From the results of the red dashed
curvedinFig. 4k, substantial wall broadening canbe observed because
ofthe weakening of the spontaneous polarization near the wall. Further
consideration of the Fermi energy at different buckling level (Ah) is
conducted by introducing an extra carrier-concentration term p’(Ah),
which is approximated linearly by referring to the DFT calculations
(Extended Data Fig. 1c).
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Extended DataFig.2|Moiré patternand domain wallin BP-Bisingle layer.
a, STMimage of BP-Biisland that contains two different ferroelectric domain
walls, partly marked by H (head-to-head domain wall) and T (tail-to-tail domain
wall) (setpoint: V=0.4V,/=10 pA).b,d, Zoom-in STM images of two typical
moiré patterns formed by aligning the[01] of BP-Bi to the zigzag direction

(b) orarmchair direction (d) of the graphite substrate with a small angle 6
(setpoint:b, V=0.1V,/=100 pA;d, V=-0.1V,/=100 pA). Their stacking models

Distance (A)

areshownin (c) and (e), respectively. f,g, STM (f) and AFM (g) images show the
closest180° head-to-head (H) and tail-to-tail (T) domain wallsin the same area
(setpoint:f, V=0.3V,/=10 pA). h, Buckling (Ah) measurement perpendicularly
crossing Hand T domainwallin (g). Tip heightz=-230 pmin (g,h) relative to
the height determined by the setpoint V=100 mV, /=10 pA above normal Bi
surface. Allthe orange arrows in (a) and (g) denote the direction of
polarization.
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Extended DataFig.3|Tip height dependent AFMimaging.a-e, AFMimages
of anormalareameasured at tip height z=-290 pm (a), -270 pm (b), =250 pm
(c),-230 pm (d), 200 pm (e). The atomic model to this structure can be found
inFig.1lain the main text.f-i, AFMimages of a41°inclined180° head-to-head
domain wall measured at tip height z=-270 pm (f), 250 pm (g), 230 pm

(h), =210 pm (). j, Schematic ball-and-stick modelillustrates the top two layers
of the atomic structurein (f-i). k-n, Atomic AFM images of the 41° inclined 180°

tail-to-taildomain wallmeasured at tip height z=-270 pm (k), -250 pm (), =230
pm (m),-210 pm (n). 0, Schematic ball-and-stick model demonstrates the top
two layers of atomic structurein (k-n). The topmost atoms are coloured to
lightblue toguide the eye.z=0pmisdefined by the setpointof V=100 mV,
1=10 pA above normalBisurface. Allthe schematicsin (j) and (o) do not reflect
thereal relative height, as the buckling is gradually changing near the wall.
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Extended DataFig.4|Band structure measurement of BP-Binear the Fermi
surface.a, Atypical d//dVspectrumacquired on the BP-Bishows aband gap
above the Fermi surface (initial setpoint: V=500 mV,/=1.0 nA).b, STMimage
(V=-70 mV, /=150 pA) of asingle domain area. c¢,d, d//dVmaps (left panel) and
Fourier-transformed d//dV maps (right panel) of conduction band (c) and
valenceband (d) are measured at the areain (b). The atomic Bragg peaks are
highlighted by thered dashed circles. e,f, d//dVline maps (left panel) and
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corresponding energy-resolved Fourier transformation (right panel) for the
conductionband (e) and valence band (f) along the armchair direction (initial
setpoint: V=500mV,/=1.3nA (e); V=-350mV,/=1.0 nA (f)). The parabolic
fittings and trajectories (red dashed lines) for the d//dVmeasurements at VBM
and CBMare shownin correspondinginsets (V=400mV,/=15pA (e); V=450
mV,/=15pA(f)).
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Extended DataFig. 5| Buckling and edge measurement of BP-Bi.a, AFM
image of asub-nanometer scale crater in the BP-Bi. b, Af(z) spectrameasured at
thelocationsof A,Band Cin (a).c, The Af(z) spectraof Aand Bafter subtracting  (setpoint:g, V=0.2V,/=100 pA). Tip height z=-240 pm (a), -250 pm (b), -280

thebackground curve C.d, Af(z) spectraof Aand B after further background pm (f h), relative to the height determined by the setpoint V=100 mV, /=10 pA
force calibration. e, STMimage of monolayer BP-Bi that contains both types of above normal Bisurface.

zigzagedges (setpoint: V=-0.2V,/=10 pA). f-h, Atomic-resolved AFM (f,h) and
STM (g) images show the reconstructed atomarrangement at both sides
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Extended DataFig. 6 | Extradataofelectronredistributionby STMand
KPFM measurement. a,b, At theidentical area of Fig. 2ain the main text, d//dV
maps at other energy show the same DOS reversal between the valence band (a)
and conductionband (b). ¢,d, The calculated charge density distribution of the
valence band (c) and conductionband (d) of p,at the I point. e,f, d//dVmaps of
thevalenceband (e) and conductionband (f) measured by ametallic tip apex.
Large-scale bumps and depressions come from the moiré pattern. Blue dotted
circlesand red dotted circlesrepresent the A and B sublattice, respectively.
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g, AFMimage of anormal area away from the domainwalls. h,j, Histograms of
LCPD measuredinal.5x1.5A%square (8 x 8 grid) centred above the A atom
(h)and Batom (j) in (g). The difference of the two Gauss peaksis13 mV.i, AFM
profile (blue) and KPFM measurement (red) along the same trajectory marked
by thered dashed arrowin(g). Tip heightz=-150 pm(a,b,e), 200 pm (f), 230
pm (g),-80 pm (h-j), relative to the height determined by the setpoint

V=100 mV, /=10 pA above normal Bisurface.
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Extended DataFig.7|Extradataoftheferroelectricdomainreversal.
a,AFMimage of abent180° head-to-head domainwall. b,c, AFMimages
acquiredintheright (b) and left (c) red rectangle in (a) during the manipulation.
Red dots show thetip position for the domain manipulation. Thered arrow
labels anatomic defect.d, Tunnelling current during the forward (blue series
curves) and backward (red series curves) bias sweeping at different tip-sample
distance (Az=0pmto 70 pm). Theinset hysteresis loop schematically shows
how the polarization of BP-Biin the middle partis switched. e, Schematics show

the position of the domain wall after the forward bias sweeping (right panel)
and the backward bias sweeping (left panel). f, Extracted tip height-dependent
switching voltages on the positive bias side (V,,) and negative bias side (Vqy,)
from (d).g,h, Calculations of the tip height-dependentelectric field evolution
onthe positive bias side (g) and negative bias side (h). Tip height z=-210 pm
(a),-230 pm (b,c), and the initial tip height (Az=0) in (d) is -50 pm, relative to
the height determined by the setpoint V=100 mV, /=10 pA above normal Bi
surface.



Extended DataFig.8|STMand AFMimages of other types of domainwalls. imagesin (a-c)are V¥=100mV,/=10pA (a), V=100mV,/=30 pA(b), V=100 mV,

a-c,STMimages (left panel), AFMimages (middle panel) and corresponding I=50pA(c). Tip heights tomeasure the AFMimagesin (a-c)arez=-250 pm
atomic models (right panel) of the 54°inclined 180° head-to-head domain wall (a),-250 pm (b),-200 pm (c), relative to the height determined by the setpoint
(a), 90° head-to-tail domain wall (b) and 90° head-to-head domain wall (c). V=100 mV, /=10 pA above normal Bisurface.

Orange arrows denote the directions of polarization. Setpoints of the STM
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Extended DataFig.9 | Temperature dependent phase transition.a-i, At the
same area (marked by the defect in the right side of the scanning window), STM
images above (a,d,g) and below (b,e,h) the Fermilevel are measured at136 K
(a,b),165K (d,e) and 210 K (g,h). Aslabelledin (b,e h), the d//dVspectra at
corresponding three temperatures136 K (c), 165 K (f) and 210 K (i) are acquired
abovethe180°head-to-head domain wall (red) and a normal place (black).

Jj, Thestructure model of the moiré patternin thismeasured area shows how
the180° head-to-head domain wallinduce a shiftin the moiré superlattice
(highlighted by the blue line). Only the top two layers of Bi atoms are included in
themodelfor clarity.k, Line profile along thered dashed arrowsin (a,d,g).
Setpoint: V=100 mV,/=100pA(a,d,g); V=-100 mV,/=100 pA (b,e,h);
V=-300mV, /=200 pA (c,f,i).
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