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% Check for updates A special class of valleytronic two-dimensional (2D) semiconductors possesses

carrier pockets (i.e., valleys) along certain directions in the first Brillouin zone,
which can be applied as a new degree of freedom for information storage and
processing. Here we show that members of this family that are ferroelectric
allow the location of these valleys to be switched by rotating the ferroelectric
polarization. This makes possible the control of electronic state transmission
probability through an energy barrier by ferroelectrically switching the
polarization direction, thereby creating or eliminating valley matching in
reciprocal space. We apply molecular beam epitaxy to grow lateral sandwich
heterostructures with monolayer-thick ferroelectric SnTe separated by
nanometer-wide paraelectric PbTe as the barriers. Using scanning tunneling
microscopy, we show that the transmission probability of the 2D hole states at
the valence band maximum of SnTe monolayer strongly relies on the relative
orientation between the polarization directions of the two SnTe electrodes.
The transmission can be switched from a suppressed state to a permitted state
by rotating the ferroelectric polarization of one SnTe electrode by 90 degrees.
Our work demonstrates the electric-field-control of valley locations and its
potential for tunnel junction valleytronic devices.

Electronic valleys—the electron or hole pockets at the conduction
band minimum (CBM) or valence band maximum (VBM) of semi-
conductors or semimetals that are located at certain positions in
reciprocal space—are proposed as novel candidates for controlling
the transmission probability through tunnel junctions'>. Currently
existing strategies for addressing the valley degree of freedom
typically involve a selective quasiparticle population in different
valleys in the Brillouin zone—namely a “valley polarization”—by
external optical, electric or magnetic fields*’. Hexagonal two-

dimensional (2D) semiconductors like graphene and transition
metal dichalcogenide monolayers (MLs), which have two valleys
located at a pair of points linked by time reversal symmetry in the
first Brillouin zone, are the most frequently recurred materials for
valley polarization studies®*. This is so because the quasiparticles in
these two valleys bear Berry curvatures with opposite signs, and thus
“pseudospins” can be defined at each valley’.

The effect presented here relies on the fact that the elec-
tronic valley degree of freedom can be utilized not only for the
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Fig. 1| Schematics of SnTe-PbTe-SnTe ML lateral sandwich heterostructures
and the principle of valley-dependent hole state transmission. a Atomistic
structure of a SnTe-PbTe-SnTe ML lateral sandwich heterostructure with the
intrinsic electric polarization P in the two SnTe ML sections perpendicular to one
another. P can be switched between parallel and perpendicular orientations by an
external electric field. Valley structures of SnTe (b) and PbTe (c) MLs. The gray

planes represent the Fermi energy. The apex of the SnTe ML hole valleys along the
I'- X direction is slightly above the Fermi energy. d Type-ll band alignment between
SnTe and PbTe MLs. Transmission between the hole valleys of SnTe MLs is per-
mitted (e) or suppressed (f) depending on the orientation of P in the SnTe ML
sections at both sides of an ultra-narrow PbTe ML barrier.

non-equilibrium states mentioned above, but also for equilibrium
states as long as the positions of the valleys in reciprocal space
can be controlled by changing the orientation of the first Brillouin
zone, i.e. the orientation of the 2D crystal. A straightforward
approach of realizing such a rotation is an in situ mechanical
pushing by a local probe, which has been demonstrated in an
atomic force microscope on a twisted bilayer of 2D materials®.
Beyond mechanical manipulation, a recently discovered class of
2D ferroelectric semiconductors®”, in which the locations of
electronic valleys are tied to the direction of the electric polar-
ization P, provides the possibility of electric-field-control of the
valley polarization. A series of non-volatile devices utilizing such
a ferroelectric valley-switching mechanism have been theoreti-
cally proposed, such as in CulnP,S¢-MnPS; ferroelectric-
antiferromagnetic heterostructures', ferroelectric 1T”-MoS,",
ferroelectric SnTe and bismuth monolayers with strong spin-orbit
coupling®, as well as the vertical heterostructures between
quantum spin Hall insulators Pt,HgSes/Pd,HgSe; and 2D ferro-
electric materials with vertical P'. Furthermore, it is predicted
that in bilayer graphene encapsulated with ferroelectric MoTe,, a
small band gap can be opened or closed by tuning the polariza-
tion direction of MoTe, between parallel and antiparallel*.
However, the predictions above have not been experimentally
demonstrated. Besides, most of the device designs focus on the
valley-swapping effect induced by the 180° rotation of P, while
the valley movement in the reciprocal space induced by a 90°
rotation of P is still less discussed.

Here we report a valley-dependent transmission probability in
a lateral sandwich heterostructure formed from MLs of ferro-
electric SnTe”* separated by a 3-unit-cell-wide paraelectric PbTe
ML barrier. State-of-the-art molecular beam epitaxy (MBE) meth-
ods are applied for the growth of SnTe-PbTe ML lateral super-
lattices with the width of a single material as small as 2nm,
enabling the lateral transmission of hole states. The change in
transmission probability across the PbTe barrier at the permitted/
suppressed states and the corresponding ferroelectrically-assisted
crystal orientation switching are measured by in situ scanning
tunneling microscopy (STM). This way, we provide a strategy for
using the polarization in 2D ferroelectrics as an efficient handle for
switching the locations of electronic valleys, which could be
applied in future non-volatile devices.

Results
The principle of valley-dependent transmission
An electric-field-controlled valley-dependent transmission through a
finite-height energy barrier is enabled by combining the growth of
atomically narrow heterostructures and the local switching of crystal
orientation in a multi-valley 2D material. Figure 1a shows the atomistic
structure of a 2D SnTe-PbTe-SnTe ML lateral sandwich heterostructure.
The paraelectric PbTe ML section has a tetragonal lattice while the
ferroelectric SnTe MLs have orthorhombic structures and in-plane
ferroelectricity. The interfaces of SnTe-PbTe ML heterojunctions pre-
ferentially form along the (11) directions and the in-plane polarization P
of the SnTe ML makes an angle of -45° with respect to the hetero-
interfaces. Using external electric fields, the orientation of P on SnTe
MLs can point towards one of the four equivalent directions along (10).
As a consequence of the lattice symmetries, the number and
positions of the electronic valleys in the first Brillouin zones of SnTe
and PbTe MLs are different (Fig. 1b, c). Both materials are p-type
semiconductors when epitaxially grown on graphene surfaces; thereby
we focus on the hole valleys that are close to the Fermi energy (Eg). The
four-fold rotational symmetry of a PbTe ML leads to four valleys along
the four equivalent /=X directions. On the other hand, the non-
centrosymmetric orthorhombic lattice of a SnTe ML has a mirror plane
perpendicular to the x-y plane and parallel to the /=X direction. The
lowered symmetry lifts the energy degeneracy of the hole valleys along
the /=X and =Y directions, placing the VBM along the I-X
direction®~°, The energy difference between the apices of the hole
bands along the /=X and =Y directions is over 0.3 eV**. Because of the
type-ll band alignment (Fig. 1d) at the heterojunction interface of SnTe
and PbTe MLs?, when E; is adjusted in between the VBMs of SnTe and
PbTe in a SnTe-PbTe-SnTe ML sandwich heterostructure, the SnTe ML
becomes a degenerately doped semiconductor while the PbTe ML
section is insulating. Therefore, the PbTe ML section acts as a finite-
height potential barrier between the two SnTe ML sections, as shown in
Fig. 1e, f. The transmission probability of the hole states across this
barrier is determined by the crystal orientation of the SnTe MLs on
both sides of the barrier. The valleys are located at the same positions
in reciprocal space on both sides of the barrier when the /=X directions
of their Brillouin zones are parallel (Fig. 1e), and the hole states
transmit directly. However, when the /=X directions of SnTe MLs on
both sides are perpendicular to each other (Fig. 1f), the hole valleys on
both sides of the barrier do not overlap in reciprocal space, and
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Fig. 2 | Topography and electronic structure of ultra-narrow SnTe-PbTe ML
lateral superlattices. a STM topographic image of a superlattice nanoplate
(sample bias voltage Vs=3.0V, tunneling current /=10 pA). The difference in the
apparent height of SnTe and PbTe MLs originates from their type-Il band alignment.
The triangular-shaped higher area near the upper edge of the nanoplate is an
atomic step on the SiC substrate. b Atom resolved image of a heterointerface with
suppressed interdiffusion (V;=-1.0V, /=10 pA). ¢ STM topographic image of a

superlattice with the width of a single wire as small as 2 nm (V;=15V, /=10 pA).
d d//dV spectraacquired at the positions indicated by the blue and red arrows in the
inset image of (e), lying at the center of SnTe and PbTe ML sections, respectively.
e Spatially resolved d//dV spectrum with a seesaw pattern acquired along the
dashed arrow in the inset. Spectra setpoints: Vs=2.0V, /=100 pA for positive bias
voltage and Vs=-0.9V, /=100 pA for negative bias voltage. Imaging setpoint for
the inset: Vs=3.0V, /=5 pA.

transmission cannot occur unless with the participation of a large
momentum transfer process, hence the transmission probability is
suppressed. In such a structure, the rotation of the first Brillouin zones
of SnTe MLs can be simply accomplished by switching the direction of
P with an external electric field.

It is worth noting that although the selective transmission
described above realizes the switching behavior utilizing the in-plane
ferroelectricity of SnTe MLs, its working principle is completely dif-
ferent from the existing ferroelectric tunnel junctions (FTJ). In a FTJ, a
ferroelectric thin layer with P perpendicular to the interfaces is used as
the tunnel barrier, inducing an electric potential imbalance between
the two electrodes, which are usually composed of two types of metal
with different work functions, or with a metal at one side and a semi-
conductor on the other side*®*. The ferroelectrically controlled valley-
dependent transmission in this work requires no built-in electric field,
and it can adopt the configuration of either lateral or vertical hetero-
structures. When the switching of P in one SnTe ML section occurs, the
rotation of P preserves its component perpendicular to the interface
and does not alter the charge distribution around the barrier, therefore
the states with permitted or suppressed transmission are energetically
degenerate. This is a potential advantage if this effect is applied in non-
volatile tunnel junction devices in the future.

Ultra-narrow monolayer-thick lateral superlattices

The biggest challenge toward the creation of the aforementioned
sandwich heterostructure is the growth of lateral superlattices with
minimum line widths approaching the atomic scale so as to allow for
robust transmission across the barrier. Lateral heterostructures
between 2D materials have been grown using chemical vapor deposi-
tion (CVD) techniques for more than a decade®**° but the minimal
feature widths are still too large (over 10 nm)**? to enable significant
transmission. Here, we have adopted MBE techniques with the cap-
ability of switching molecular fluxes on and off in a fraction of a

second, to precisely control the width of each ML material section and
the quality of the interfaces. Superlattices such as those shown in
Fig. 2a-c are grown by adjusting the temperature of the graphene
substrate and the SnTe/PbTe molecular beam fluxes from standard
Knudson cells into a suitable parameter window, so that molecules
adsorbed on the surface of SnTe or PbTe cannot nucleate but only
form bonds when encountering the edges of the nanoplate, resulting
in a horizontal growth mode (see Methods section for details).

The type-Il band alignment between SnTe and PbTe MLs, directly
observed from the differential conductance (d//dV) spectra acquired
by STM in Fig. 2d, e, results in the different apparent heights in
Fig. 2a—c that assist in distinguishing SnTe from PbTe”. By optimizing
the growth conditions, the interfacial molecular diffusion can be
confined to within ~1 nm (Fig. 2b), thus allowing for a minimum width
of 2 nm for the tunnel barrier, equal to three lattice periods in the [11]
direction (Figs. 1a, 2c). The d//dV spectra acquired along a straight line
perpendicular to the superlattice interfaces reveal alternating positive
and negative bound charges at the interfaces, resulting in seesaw-
shaped band edges (Fig. 2e). Measurements at the center of each SnTe
or PbTe ML section reveal that the CBM and VBM of SnTe MLs are 0.42
and 0.37 eV higher than those of the PbTe ML, respectively, in agree-
ment with previous results”. The hole band of the SnTe ML undergoes
further lateral confinement near £; in the superlattice induced by the
PbTe ML barrier, forming a series of one-dimensional (1D) bands
shown in Fig. 2e. The type-Il band alignment can also be observed from
spatially resolved d//dV spectra acquired at room temperature (Fig. S1
in the Supplementary Information).

Electronic state transmission determined by crystal orientation
Now we experimentally demonstrate the valley-dependent transmis-
sion with the dual-junction heterostructure shown in Fig. 3a, which has
five lateral sections. Sections I and V can be considered as “semi-infi-
nite” SnTe MLs given that they are wider than the coherence length of
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Fig. 3 | Valley dependent electronic state transmission in a dual-junction
structure. a STM topography image of a SnTe-PbTe-SnTe-PbTe-SnTe ML dual-
junction structure. 2 nm wide PbTe ML sections are laterally inserted into aSnTe ML
as barriers. The five sections are labeled by Roman symbols I through V (Vs=-11V,
1=100 pA). b Spatially resolved d//dV spectrum (lower panel) acquired along a
straight line perpendicular to the junctions shown in the upper panel, at the tem-
perature of 0.4 K. (Spectra setpoint: Vs=-0.2V, /=100 pA.) A pair of red arrows
indicate the energy at which the standing waves in section I are interrupted.

¢ Schematic of the electronic states and corresponding transmission probabilities
in this dual-junction structure. Thicker curled double-head arrows indicate a higher
transmission probability. d Simulated local density of states (LDOS) obtained from

X (nm)

a single-particle quantum well model (see “Methods” section for details). The
barriers in sections Il and IV are set as finite and infinite, respectively. e Schematic of
the spatial dependence of d//dV intensity at a certain energy Vi, as well as the
definition of the effective barrier positions x,(V;), and the intensity of standing
waves in section | (Au) and section V (A | ). f Energy dependence of xy(V5) at the two
PbTe barriers, obtained by extrapolating the standing waves in the sections I and V.
The error bars are obtained from the uncertainties of peak positions with a Gaus-
sian fitting. g Bias voltage dependence of the standing wave intensities (upper
panel) and the transmission probability 1- A, /A, (lower panel). The error bars are
obtained from the uncertainties of peak intensities with a Gaussian fitting.

the hole states close to the VBM, while sections Il and IV are 2-nm wide
PbTe ML barriers. Section Ill is a 10 nm wide SnTe ML nanowire, whose
polarization direction is parallel to that of section I and perpendicular
to that of section V. The d//dV spectra across a similar dual-junction
heterostructure is presented in Fig. 3b. We observe the formation of
the first- and second-order 1D bound states induced by the confine-
ment of PbTe barriers in section Ill, and standing waves of 2D hole
states due to reflection at the PbTe ML barriers in sections 1 and V. Note
that the VBM of SnTe in Fig. 3b is higher than that in Fig. 2e due to the
thickness of the few-ML graphene substrate. On a bilayer graphene
substrate, the VBM of a SnTe ML is 50 meV below Eg, while on a trilayer
graphene substrate, its VBM is 26 meV above Eg, making the SnTe ML a
degenerately doped semiconductor. This VBM shift is most likely
because of differences in surface work function among few-layer gra-
phene substrates. Indeed, multiple previous experimental studies
conclude that the work function of epitaxial graphene on SiC tends to
monotonically increase as the thickness of graphene increases* ™.
This is consistent with our dz/dV measurements, which suggest that
the work function of bilayer graphene is 0.19 eV higher than that of
monolayer graphene (see Fig. S2 in Supplementary Information). Our
first principles calculation shows that the work function of free-
standing SnTe ML is slightly lower than those of bilayer and trilayer
graphene”, hence there is a stronger electron transfer from SnTe to

trilayer graphene, resulting a higher VBM. We also notice that the LDOS
at the E¢ of the SnTe ML grown on trilayer graphene is mildly sup-
pressed, which is likely due to the enhanced band hybridization at £ in
this low-dimensional electron system.

The different transmission probabilities of wavefunctions at the two
tunnel barriers can be resolved as follows. The standing wave in section |
shows a significant shift along the x axis at 90 meV (see horizontal red
arrows in Fig. 3b); this is the energy at which the second-order 1D bound
state emerges in section Ill. On the other hand, the standing wave is
continuous at any energy in section V. Those are manifestations of a
finite transmission probability between sections I and IlI, and of a sup-
pressed transmission between sections Il and V. As Fig. 3c illustrates,
because of the 90° rotation between the first Brillouin zones of sections
Ill and V, the hole valleys are not matched in momentum space, thus
opposite sides of the interface are equivalent to semi-infinite “vacuum”
regions, with the vacuum boundary lying exactly at the PbTe ML barrier.
Therefore, the standing wave of the hole states in section V behaves like
that in a standard 1D semi-infinite square potential well. On the other
hand, given that the first Brillouin zone orientations are identical in
sections I and IlI, their hole states have a finite probability to transmit
through the PbTe ML barrier, whose equivalent width has a strong
energy dependence. Figure S3 showcases another example on a bilayer
graphene substrate, where the standing waves display similar
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polarization-tuned transmission behaviors. The transmission effect in
Fig. S3 is less prominent than that on trilayer graphene in Fig. 3b because
the VBM of SnTe ML is lower when on bilayer graphene, and the trans-
mission features are farther away from E¢ under those conditions (the
apices of the second order 1D sub-bands are at ~90 meV and -160 meV
for SnTe on trilayer and bilayer graphene, respectively), thus making the
lifetime of the quasiparticles shorter. Furthermore, to explore the
extreme superlattice period, we examined a superlattice structure in
which the width of each SnTe and PbTe section is only 1.1 nm (Fig. S4).
The transmission between neighboring SnTe sections is so strong that
the whole superlattice area forms an overall standing wave pattern near
the VBM, rather than separated patterns in each section. Comparing this
result with the standing wave patterns in Fig. 3b, we can safely conclude
that a SnTe section width of ~10 nm and PbTe barrier width of 2 nm can
form strong enough quantum confinement for a significant transmission
probability switching.

The interruption of the standing waves in section | of Fig. 3b can be
understood from the LDOS [G(£)] of the 1D hole states in section III,
described by G(E) o [ (E — EO)]fl/z, where Ey is the energy of the band
edge, making constant LDOS contours appear as the inverted triangles
shown in Fig. 3c. Therefore, starting from the VBM of section IlI, the
LDOS of bound states decreases as the energy decreases, while the
equivalent barrier width between sections I and Il increases, causing
the center position of the barrier to gradually shift towards the center
of section Ill. G(E) suddenly increases and the equivalent barrier width
narrows down at —90 meV as the next 1D bound state appears, making
the center location of the barrier jump back towards section I, for a
discontinuity in the standing wave in that section. An analytical model
with a square potential well and a finite-height barrier inside repro-
duces the phenomenon of standing wave interruption (see Figs. 3d, S5,
S6 and S7 for details of the model). For simplicity, this model adopts a
1D particle-in-a-box regime, in which the effective barrier also becomes
narrower at the energies a new order of standing wave appears in
section IIl. Transmission of the first order of the 1D hole states in sec-
tion Il can also be observed from the simulation, but because of the
relatively wider effective barrier width, the transmission intensity is too
weak hence can only be clearly seen in a magnified figure (Fig. S7). In
the simulation, it can also be seen that the finite transmission prob-
ability induces LDOS maxima that locate at the same energies in sec-
tions I and IlI, especially in the range between —0.1 and -0.2eV. No
evidence of transmission is found between sections Ill and V.

Using data from Fig. 3b, we extract the variation of the di/dV
intensity along x at each bias voltage V; and determine the locations of
Xp(V), the standing wave node closest to section IlI, which can be
considered as the effective barrier positions. This is done by extracting
the period of the standing wave at each energy, and then the location
of the first maximum (Fig. 3e, S8 and S9). As the energy decreases, x;,
first moves towards the center of section IIl, and it suddenly jumps
towards section | by -2.6 nm at -90 meV (Fig. 3f). In contrast, the
location of x;, between sections IIl and V is independent of energy,
implying the absence of quasiparticle transmission at this barrier.
Similar results can also be observed from the simulated standing wave
patterns (Figs. S6 and S7).

The energy dependence of the transmission probability between
sections I and Il (Fig. 3g) is analyzed next. To do so, we extract the
standing wave intensity in sections I and V as a function of energy,
denoting them as A () and A, (E) when the polarization is parallel (||)
or perpendicular (1) across the two interfaces (Fig. 3e), respectively.
A, was always smaller than A, implying a finite transmission between
sections I and Ill at any energy near the VBM, which is positively cor-
related with G(£) at the corresponding energy in section IIl. The
stronger the transmission at a certain energy, the weaker the corre-
sponding reflection, thus the standing wave intensity in section I is
suppressed at that energy. A similar phenomenon was reported in a
study of the transmission of topological surface states of Sb single

crystals through atomic steps*. Since there is no observable trans-
mission between sections llland V, A | (E) is the standing wave intensity
when all the waves are reflected (neglecting the absorption at the
interface), and1— A, /A, is the ratio of the transmission probability to
the sum of the reflection and transmission probabilities at the interface
between sections I and Ill. Figure 3g shows that 1— A, /A, has the
maxima of 0.88 and 0.86 at —90 meV and -190 meV, respectively,
corresponding to the energies of the maximum LDOS in section IlI-the
apex of the second- and third-order 1D bound states.

Ferroelectric switching of the transmission probability

Now we demonstrate that the transmission probability of the hole
states can be switched by manipulating the in-plane polarization of the
SnTe sections beside a PbTe barrier. We manipulate the ferroelectric
domains in SnTe by applying a slow-changing electric field at a large
enough tip-sample distance such that no tunneling current occurs (see
Supplementary Information for details). The electric field between the
STM tip and the sample is mostly in the vertical direction, but there is a
finite horizontal component due to the conical shape of the tip
(Fig. S10), enabling the movement of domain walls. In Fig. 4, we col-
lected the di/dV spectra at the same place of a dual-junction structure
before and after a 90° switching of the polarization in the narrow SnTe
section. The movement of domain walls can be resolved from the
change of moiré pattern distribution (Fig. 4a, b). Initially, the polar-
ization directions in the two SnTe sections are perpendicular to each
other, and no sign of transmission can be observed (Fig. 4c). (See
Fig. S11 for details of the method for the determination of polarization
direction, and Fig. S12 for additional demonstrations of polarization
switching.) After the switching, an interruption of the standing waves
in the wider SnTe section at the energy corresponding to the apices of
the second order of 1D bound states in the narrow SnTe section
(-0.18 eV) is observed (Fig. 4d), similar as the data in Fig. 3b. We per-
formed x;, analysis to the standing waves in Fig. 4d, which yields a
spatial jump of 1.5nm, while the x, in Fig. 4c shows no observable
spatial dependence. Being consistent with the results in Fig. 3f, these
results confirm that a local polarization direction switching can
effectively tune the transmission probability through a PbTe barrier.

Discussion

The lateral sandwich structure with ferroelectrically switchable electro-
nic state transmission probability can potentially be developed into a
valley tunnel junction (VTJ) device. This work has demonstrated the
valley-dependent hole state transmission principle in such a sandwich
structure, while future experiments are needed to verify the switching of
electric resistance in a real VTJ device. Its lateral configuration has an
additional advantage: since the equivalent tunnel junction width has a
strong energy dependence, £ could in principle be tuned through ver-
tical gate electrodes to realize a non-volatile tunnel junction device with
adjustable tunnel resistance, which is not possible in ferroelectric tunnel
junctions with vertical heterostructures. When a small reading voltage is
applied across a VT] device, the potential of the two electrodes is nearly
the same, hence the tunneling current is roughly proportional to the
density of states at the electrodes’ Er. Besides, the working principle of
this class of VTJs can also be easily generalized to vertical structures.
Furthermore, based on the technique of growing nanometer-scale lateral
heterostructures, it is also possible to create low-dimensional states
useful for quantum devices, such as 1D topological superconducting
states and quantum dot arrays for quantum computing.

Methods

Growth of the lateral heterostructures and superlattices
Experiments were carried out in a Unisoku USM1300 MBE-STM com-
bined system. The base pressure was lower than 2 x10™° mbar in the
MBE chamber, and below 1x107 mbar in the STM chamber. The
substrates were prepared by a two-step annealing treatment of
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Fig. 4 | Switching the transmission probability in a dual-junction ML structure
by manipulating the in-plane polarization with the electric field applied from a
STM tip. Topography images of an area with a dual-junction before (a) and after (b)
a switching operation (Vs=1.6 V, /=10 pA for both images). The dashed lines
indicate the ferroelectric domain walls, some of which overlap with the PbTe bar-
riers. ¢,d Spatially resolved d//dV spectra collected along the dotted arrowsin (a,b),
respectively. (Spectra setpoint: Vs=-0.4V, I=200 pA for (c), and V;=-03V,
1=400 pA for d). The path for acquiring the spectra crosses a PbTe barrier, beside
which the polarization are perpendicular (parallel) to each other before (after) the
switching. The overlaid red dots indicate the positions of effective barrier extracted
from the electronic standing waves in section V. The error bars adopt the same
definition as those in Fig. 3f.

phosphorus-doped, Si-terminated 4H-SiC(0001) single crystals in an
UHV environment, which were heated by passing direct current
through 2mmx10 mm-sized substrates. The SiC substrate was
annealed at 900 °C in a Si molecular flux for 15 min, so that atomic
terraces and a Si-rich (3 x 3) reconstruction are formed. The substrate
was subsequently annealed at 1450 °C for 6 min to generate a surface
mainly covered by bilayer and trilayer graphene. PbTe and SnTe
molecular fluxes were obtained by heating 99.999% PbTe and SnTe
granules (from Alfa Aesar) in standard Knudsen cells (from GC Inno)
with water cooling and shutters. PbTe ML cores were grown at a sub-
strate temperature Ty, ~ 180 °C using a PbTe evaporation temperature
Trpb1e =460 °C. Growth times t varied between 1min and 10 min,
depending on the desired core size, which was adjusted from feedback
provided by STM topographic images. The lateral heterostructures
and superlattices were grown by sequentially depositing PbTe and
SnTe. Knudsen cells were kept at fixed evaporation temperatures and

the beam fluxes were turned on or off with shutters. The growth
parameters were tuned to find the optimal window such that (i) the
substrate temperature is high enough so that no nucleation happens
on the surface of SnTe or PbTe and a lateral growth mode is enabled,
and (ii) the substrate temperature is as low as possible to minimize
interfacial diffusion and defect concentration. The optimized para-
meters for growing the lateral heterostructures in our system were
Tsub~150°C, Tpp1e=460°C, and Ts,1e=440°C. The lateral growth
rates of PbTe and SnTe MLs were 0.40nm/s and 0.33nm/s,
respectively.

Scanning tunneling microscopy characterization
Low-temperature STM experiments were performed in situ in an
ultrahigh vacuum (UHV) environment. Measurements were carried out
with mechanically sharpened Pt-Ir alloy tips that were calibrated on
Ag(111) surfaces. Samples were kept at 4.7 K unless otherwise specified.
Differential conductance d//dV spectra were acquired with the built-in
lock-in amplifier in the Nanonis STM controller with a modulation
frequency of 913 Hz. The polarization direction in each section of SnTe
ML was determined by combining the longer extracted lattice para-
meter (a;) and the band bending directions at the free edges of SnTe
ML, as illustrated in Fig. S11.

Ferroelectric domain wall manipulation

The manipulation of ferroelectric domain walls was performed with a
procedure illustrated in Fig. S10. First, we keep the feedback loop of the
STM tip closed and move the tip to an initial position on the graphene
area beside the edge of the nanoplate, as the red circles in Fig. 4 indicate.
The bias voltage and tunneling current are set to normal scanning
values, typically 1.8V, 20 pA. We open the feedback loop to freeze the
location of the tip, and raise it by 1nm subsequently. Any tunneling
current should have vanished at this height. Next, we keep the tip at this
height and increase the bias voltage to 10 V and stay at this value for 10 s.
Since this voltage exceeds the work function of the tip, a field emission
current of several nA can be observed. Finally, the bias voltage is
decreased back to the normal scanning value 1.8V, and the feedback
loop is closed again. We scan the area of interest after each operation to
inspect whether the domain configuration was altered.

Simulation of electronic standing waves

The tunneling features observed in Fig. 3b were reproduced with a one-
dimensional potential well model described in Fig. S5. Since transmis-
sion between sections of SnTe MLs with orthogonal polarizations is
suppressed due to electronic valley mismatch, the PbTe ML section
between them is modeled as a potential barrier of infinite height, and
thus only the SnTe ML sections with parallel polarizations are modeled.
We expand the wavefunctions using, as a basis, states in a 1D well of
width L. The eigenstates and eigenenergies of these infinite wells are
¢, = \@ sin(®=) and E,= ;’lz”zlfz, respectively, where m* is the hole
effective mass at the VBM of SnTe first principles calculations give [m*| =
0.12 m,, where m. is the bare electron mass**. The paraelectric PbTe ML
between the SnTe ML sections with parallel polarization directions was
modeled by a barrier with height V, and width L,, centered at L — L; — %2
inside the SnTe ML well. The potential of this barrier plus the infinitely
long interfaces separating SnTe ML sections with different polarizations
can be included in a position dependent potential V(x). The complete
Hamiltonian is Hp+W(x) and we Iook for the solutions of
[Ho +V(X)| ¢, =¢€,4,, where Hy = z‘m i xl We expand ¢, = £™ g, P
and choose a s, large enough to guarantee numerical convergence.
The solutions are found by solving the secular equation:

Sma
aanp+ sé s <¢p|vl¢s> pn €n @
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with matrix elements given by:

b-a _s Vo

PS) np-s)

<¢p\V|¢s>:V0 6ps+ (1

. b . ma
X {smT(p —-5)— smT(p — s)} 2)

m(p+s)

{sinnTb(pﬂ) - sin"Ta(p+s)}

where 6, is the Kronecker delta. For simplicity, the quantities
a=L-L;-L, and b=L - L;, defining the boundaries of the PbTe ML
potential barrier are introduced into the last equation (see Fig. S5). The
LDOS is written as:

D(x, €)=, |¢h, ()8 (€ — €,) 3

We used the representation §(x)= %ﬁ for the Dirac delta
function (n is a small positive number, with units of energy, that
gives the broadening of the localized states inside the well). The
results of the simulations are shown in Fig. 3d of the main text.
The parameters used are L[;=10nm, L[,=2nm, L=85nm,
Vo=0.18 eV, corresponding to a PbTe ML barrier of width 2 nm,
located 74 nm away from the well’s left end. We used pyax =160.
The LDOS in section (ii) is that of a potential well without any
PbTe ML barrier in it. As seen in Fig. 3d, section (lll) develops
localized states. The second order bound state appears at around
—-0.092V in region (llI). States from region (I) scatter through the
barrier taking advantage of this state. The simulated G(E) exhibits
a discontinuity, akin to the one observed experimentally (Fig. 3¢c)
at this energy. This is a signature of a finite transmission through
the PbTe ML barrier in the tunnel junction.

Data availability
All the data generated in this study have been deposited in the Figshare
database https://doi.org/10.6084/m9.figshare.30454919.

Code availability
The code for the quantum well model simulation has been deposited in
the Figshare database https://doi.org/10.6084/m9.figshare.30454919.
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