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Two-dimensional (2D) quasiparticle standing waves originate from the interference of coherent
quantum states, and are usually created by the scattering off edges, atomic steps or adatoms that
induce large potential barriers. We report standing waves close to the valence band maximum (EV ),
confined by electrically neutral domain walls of newly discovered ferroelectric SnTe monolayers, as
revealed by spatially resolved scanning tunneling spectroscopy. Ab initio calculations show that this
novel confinement arises from the polarization lifted hole valley degeneracy and a ∼ 90◦ rotation of
the Brillouin zones that renders holes’ momentum mismatched across neighboring domains. These
results show a potential for polarization-tuned valleytronics in 2D ferroelectrics.

Standing waves are created by the superposition of
phase coherent waves of identical frequency, and are com-
mon in mechanical and optical settings. Electron or hole
(quasiparticle) standing waves can be probed with scan-
ning tunneling microscopes (STM) that provide atomic
resolution of material surfaces. Quasiparticle standing
waves induced by scattering from atomic steps were first
observed on noble metal surfaces [1–3] and the confine-
ment of surface states by two parallel atomic steps was
explained with a Fabry-Pérot resonator model [4, 5]. Fur-
thermore, arranging adatoms into quantum corral shapes
on atomically flat metal surfaces, quantum mirage pat-
terns have been created [6–8]. These confined surface
states are free-like quasiparticles with parabolic band dis-
persion centered at the Γ−point of the Brillouin zone
[4–8] that are scattered by potential barriers at struc-
tural defects [9]. Here, we report a mechanism to induce
quasiparticle standing waves that does not require large
potential barriers, but mismatched valleys at neighboring
domains of a 2D ferroelectric.

2D ferroelectrics are a unique platform to study the
interplay among electronic structure and ferroelectricity.
It is challenging to probe the electronic states of bulk
ferroelectrics by STM due to their insulating nature. As
the thickness of a ferroelectric film reaches a few atomic
layers, a detectable tunneling current could be obtained
by STM as long as the substrate is metallic. Although
topography and differential conductance (dI/dV ) spec-
tral maps of ferroelectric films have been documented
[13–17], STM studies of quasiparticle standing waves re-
main difficult due to the need for ultra clean and uniform
surfaces. 2D ferroelectrics with a van der Waals, layered
atomic structure ensure atomically clean surfaces [18–25]
and make their electronic structures accessible by STM.
Among them, SnTe monolayers (SnTe MLs) are espe-

cially interesting because of their regular 90◦ head-to-
tail domains with in-plane polarizations [18, 19] and the
two-valley electronic band structure near its valence band
maximum EV [26–28], which will be shown to give rise
to standing waves.

Our experiments were carried out in a combined molec-
ular beam epitaxy and STM system in ultra-high vac-
uum. An n-doped, Si-terminated 6H-SiC(0001) sub-
strate was heated by passing a direct current through
it, and temperature was monitored with an infrared py-
rometer. After a sequential high temperature anneal-
ing up to 1400◦ C with a base pressure lower than
2 × 10−10 Torr, uniform epitaxial graphene layers were
formed [18]. Then, SnTe nanoplates were grown on epi-
taxial graphene by evaporating SnTe molecules from an
hBN crucible (SnTe granules from Alfa Aesar, 99.999%,
kept at 450◦ C) onto substrates at 150∼200◦C. SnTe
nanoplates with lateral sizes up to 1 µm and atomic de-
fect densities lower than 1010 cm−3 were obtained. SnTe
MLs were found among those nanoplates. In situ ex-
perimental data were acquired at 4.7 K with Pt/Ir alloy
tips in a low-temperature STM connected to the growth
chamber. A sinusoidal modulation voltage Vmod = 0.01
V with a frequency of 913 Hz was added to the sample
bias voltage Vs during scanning tunneling spectroscopy
(STS) measurements.

Ab initio calculations with the SIESTA code [29] that
include spin-orbit coupling [30] help relate the standing
wave pattern to the electronic structure of the SnTe ML.
They utilized norm-conserving Troullier-Martins pseu-
dopotentials [31, 32] with van der Waals corrections
[33, 34]. The real-space grid in which the Poisson equa-
tion is solved had a 300 Ry energy cutoff. Standard
(DZP) basis sets [35] with a 0.03 eV energy shift and a
Monkhorst-Pack [36] mesh of 18× 18× 1 k−points were
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FIG. 1. (a) STM topography of a SnTe monolayer. Imaging conditions: sample bias voltage Vs = −0.2 V, tunneling current
It = 20 pA. (b) Atom resolved STM topography across two neighboring domains. The solid and dashed lines indicate one lattice
direction of the rhombic cells in neighboring domains. There is a mismach angle 2∆α = 2.8◦ among those two directions. Here,
Vs = −0.2 V and It = 100 pA. (c) Relaxed domain structure from ab initio calculations; 2∆α = 2.4◦ there. The electrostatic
potential is shown in the lower subplot. (d) Zoom-in of the domain wall. Solid and dashed lines indicate the rectangular and
rhombic cells, respectively. (e) dI/dV spectra across the horizontal white arrow in (a): average 〈 dI
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(left), spatially resolved dI/dV (center), and the same spectra with a polynomial background subtracted (right). Vs = −0.5 V,
It = 100 pA. Vertical dashed lines indicate the positions of domain walls. (f) Calculated average density of states 〈LDOS〉
(left) and ∆LDOS = LDOS(x)− 〈LDOS〉 (right) of the structure shown in (b). EV was shifted to match experiment.

employed. The vertical vacuum among periodic slabs was
set to 20 Å, and structural optimizations were performed
with a force tolerance of 10−3 eV/Å [19].

Ferroelectricity is coupled to the electronic band struc-
ture of SnTe MLs. Below the transition temperature of
270 K [18], the emerging in-plane spontaneous polariza-
tion P breaks the inversion symmetry of the ML, turning
its space group into Pmn21 on a structure isomorphic to
that of GeS, GeSe, SnS and SnSe MLs [19]. P intro-
duces an effective electric field which in turn induces a
momentum-dependent effective magnetic field via spin-
orbit coupling, which splits the sub-bands with orthogo-
nal spin components. It also lifts the valley degeneracy
and reduces the number of hole valleys from four to two
[37], which will be crucial for quasiparticle confinement
in between parallel domains.

Band bending in 2D ferroelectrics induced by bound
charges can be directly imaged by STM. Fig. 1(a) is an
STM topography image of the SnTe ML: when scanning
with a negative bias voltage, the flake shows a larger ap-
parent height at the far-left edge, implying a negative

bound charge and an upward band bending; methods for
measuring band bending at edges have been reported be-
fore [18, 19]. At each domain, P was determined from
(i) the direction of lattice distortion and (ii) the direc-
tions of band bending at the edges [18]. Straight 90◦ do-
main walls appear darker, and P is indicated by arrows
(↗ or ↘) joining head to tail. (The apparent height
of the domain walls is lower because the nodes of elec-
tronic standing waves locate there, as described later.)
Fig. 1(b) is the atomically resolved STM topography of
two neighboring domains, in which the lattice distortion
is exhibited by ∆α = π/2− α, with α the rhombic angle
of a distorted rocksalt unit cell. The lattice is continuous
at the domain wall, with no atomic defects at the inter-
face. A hexagonal pattern observed on the topographic
image (Fig. 1(b)) is induced by the 6× 6 superstructure
of the graphene/SiC substrate.

Fig. 1(c) shows the relaxed atomic structure of a peri-
odic supercell with two consecutive 191 Å wide domains,
as obtained from ab initio calculations. The left (right)
domain was built by rotating the rectangular unit cell
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by 46.2◦ (−46.2◦) with respect to the horizontal, so that
the rhombic cells shown in red dashed lines have two
sides oriented parallel to the domain walls. ∆α = 1.2◦

in Fig. 1(c) is only 0.2◦ smaller than its magnitude in
experiment (Fig. 1(b)) thanks to the inclusion of van der
Waals corrections. The electrostatic potential in Fig. 1(c)
has a negligible build-up (smaller than 0.04 V) near do-
main walls: it is nearly flat, beyond the standard atomic
scale oscillations. Domain walls lack significant bound
charges because ∇ · P is nearly zero on them, which
means that the polarization component perpendicular to
domain walls is almost constant. A zoom-in of the elec-
trostatic potential around the domain wall is provided as
Supplementary Material [38]. Fig. 1(d) is a zoom-in of
the domain wall in which polarization vectors meet at a
2× 46.2 = 92.4◦ angle. Using conventional ferroelectrics
language, we labeled these as 90◦ domains.

The experimental spatially resolved dI/dV spectra ac-
quired along the white horizontal arrow in Fig. 1(a) ex-
hibits a standing wave pattern along a 235 Å width be-
tween domain walls, for energies below EV (located at
−0.15 eV) [Fig. 1(e)]. As the energy decreases, the num-
ber of nodes of the standing wave pattern increases and
the oscillation period length becomes shorter. The result-
ing pattern is reminiscent of a particle-in-a-box, hole-like
energy dispersion. The calculated local density of states
(LDOS) of the supercell structure in Fig. 1(f) reproduces
the standing wave pattern. Taken together, Figs. 1(c),
(e) and (f) indicate that standing waves exist despite of
the absence of a potential energy barrier at domain walls.
This phenomena originates from mismatched electronic
structures across domains, as discussed below.

The electronic band structure of a SnTe ML shown in
Fig. 2(b) was obtained along the high symmetry path dis-
played in Fig. 2(a). The identical band gap in the spa-
tially averaged LDOS over periodic domains [Fig. 1(f),
left panel] and the band structure calculated on a unit
cell [Fig. 2(b)] indicates that the domain walls create no
additional quasiparticle states within the band gap. Cal-
culated constant energy contours (CECs) below EV are
shown in Fig. 2(c). As the crystalline symmetry is low-
ered below the ferroelectric transition temperature, the
four-fold valley degeneracy is lifted, and the spontaneous
polarization pushes the two hole valleys located along the
Γ − Y line to energies ∼0.3 eV below the valence band
edges, located along the Γ − X line, leaving only two
valleys for energies in a 0.3 eV energy range below EV .

Given that there is nearly no potential energy build-up
at the 90◦ domain walls (Fig. 1(c)), standing waves orig-
inate from a finite domain wall reflection probability in-
duced by the mismatch of valley crystal momenta at con-
secutive domain walls; see Fig. 2(d). As valleys become
rotated at opposite sides of a domain wall, a quasiparticle
traveling from the left domain cannot proceed to the one
to the right, unless its crystal momentum k experiences a
change q = |q| ∼ 0.8 Å−1 shown by red dashed arrows in
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FIG. 2. (a) First Brillouin zone and (b) band structure of
SnTe ML. (c) Constant energy contours (CECs) for energies
below EV . Red and blue represent orthogonal spin polariza-
tions. (d) Momentum mismatch across domain walls prohibits
hole transmission across domains. The intra-band scattering
vectors q are labeled in one valley. (e) An E(k) cut along
a line across the center of a valley and perpendicular to the
domain wall. ∆k is the distance away from the valley center.
A quadratic fit yields m∗ = 0.162me along this direction.

the Figure, which is longer than half of the Brillouin zone
width. The probability of such processes is low because
mechanisms that can assist transmission, such as long-q
phonons, are rare at liquid helium temperature. Instead,
quasiparticles have a higher probability to be reflected off
domain walls, by means of short-q scattering processes
within a single valley.

The allowed wavelengths of standing waves are deter-
mined by the CECs’ shapes, which are in turn influ-
enced by spin-orbit coupling. Allowed scattering vectors
q must link two states with the same spin polarization
on the CECs, and be perpendicular to the domain wall.
Fig. 2(d) shows CECs at an energy of EV − 0.18 eV.
Fig. 2(e) is an E(∆k) cut of a hole valley on the left do-
main in Fig. 2(d), along the direction perpendicular to
the domain wall, in which a Rashba splitting is revealed.
A quadratic fitting yields an effective massm∗ = 0.162me

near EV at this specific orientation.

Figure 3(a) is the standing wave pattern in a wider
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FIG. 3. (a) Spatially resolved ∆dI/dV (x) across a 540 Å wide
domain. Vs = −0.5 V, It = 100 pA. (b) The Fourier transform
of (a) is the energy dispersion of scattering vectors, E(q). The
dashed white curve was obtained from the E(k) dispersion of
the band colored in red in Fig. 2(e). (c) Scattering vectors
extracted from experiments, overlaid onto calculated CECs.
(d) Fourier transform of the ∆LDOS shown in Fig. 1(f). The
E(q) extracted from the experimental dI/dV data of domains
with increasing widths are superimposed.

domain (L = 540 Å). The energy dispersion of q = |q|
is its Fourier transform at each bias voltage, and shown
in Fig. 3(b). The dashed white curve overlaid onto the
Fourier transform is the E(q) dispersion obtained by re-
lating the initial and final states of the E(∆k) line cut in
Fig. 2(e) as q(E) = ∆kf (E)−∆ki(E). We also compared
the values of q obtained from experiments –which pro-
vide a window into the electronic structure– with those
joining opposite ends of the CECs at three increasing en-
ergies in Fig. 3(c). The E(q) dispersion extracted from
several domains with different widths –obtained from a
direct count of standing wave nodes at a given bias volt-
age n(Vs) using the expression q(Vs) = 2π[n(Vs) + 1]/L
(see Ref. [38] for additional details)– continue to agree
with the Fourier transform of the calculated ∆LDOS in
Fig. 1(f). The agreement between experiment and theory
implies that scattering occurs within a single spin polar-
ized band and that spin-flipping is forbidden. Recalling
the long spin diffusion lengths in high-quality semicon-
ductors and semimetals, for example, 235 nm at 12 K in
MoS2 [39] and 2.4 µm at 300 K in graphene [40], it is rea-
sonable that spin-conserved reflections are dominating in
between the domain walls separated by several tens of
nm in monolayer SnTe.

In addition to the strong E(q) dispersion resolved close
to VBM in Figure 2(b), another weaker hole-like disper-
sion with its apex at −0.32 eV can also be seen. The
weaker dispersion can be ascribed to the intra-valley scat-
tering in the emerging bands along Γ − Y direction, as
Figure 1(b) shows.

Now we turn to the discussion of the reflection and
transmission probabilities at the domain walls of mono-
layer SnTe. Quasiparticle standing waves of topolog-
ical surface states with a Dirac band dispersion arise
from the scattering off atomic steps as well [10–12]. But
different from the trivial surface states on noble met-
als, these time-reversal symmetry protected topological
surface states show non-negligible transmission through
atomic steps [12]. Compared to these two previous physi-
cal scenarios, the electronic states near the VBM of SnTe
ML shows high reflection probability, even though no sig-
nificant potential barrier exists at the domain walls.

Analysis of the reflection probability of electronic
states from the domain walls is accomplished semi-
quantitatively using the 235 Å domain in Fig. 1(e). We
employ a Fabry-Pérot resonator integral [4] to simulate
the standing wave pattern and estimate the reflection
probability |r|2 [38]. Lack of spin-flips permits using
a spin-independent model. Phase shifts upon reflection
were set to −π at both walls. Comparing the simulated
standing wave profiles and the experiments, a reflection
amplitude |r| = 0.7± 0.1 is obtained, which is compara-
ble to that estimated at atomic steps on Ag(111) surfaces
[4].

We searched for evidence of transmission at domain
walls, by checking quasi-continuous standing wave pat-
terns in a wide domain (L > 1000 Å) neighboring a
narrow domain (L = 64 Å) [38], similar to the method
used to reveal the transmission through atomic steps of
topological surface states [12]. When finite transmis-
sion probability exists, the oscillation amplitude of the
standing waves in the wide domain is suppressed at en-
ergies corresponding to the discrete standing wave levels
in the narrow domain. Such suppression is not observed
in our experiments, implying a low transmission proba-
bility that is beyond the resolution of our instruments.
We note that the reflection probability of domains is not
100%. The remaining amplitude is probably scattered
into the metallic substrate, similar to the situation oc-
curring in Refs. [1, 4, 12].

Angle-resolved photoemission spectroscopy (ARPES)
measurements are usually performed on macroscopic
samples. For this material, ARPES spectra would likely
include information from many domains (i.e., from mis-
aligned valleys). Due to its atomic resolution, STM is an
ideal experimental probe of the electronic valley struc-
ture for this 2D ferroelectric material family; and the
quasiparticle confinement in these domains hereby doc-
umented can lead to new mechanisms for spontaneous-
polarization-tuned devices.

In conclusion, electronic standing wave patterns be-
low the valence band maximum induced by electrically
neutral 90◦ domain walls were discovered in ferroelectric
SnTe MLs by low-temperature scanning tunneling mi-
croscopy experiments and ab initio calculations, despite
of the absence of a significant potential barrier at domain
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walls. Confinement is ascribed to the mismatch of crystal
momenta across consecutive domains. This phenomenol-
ogy could be helpful for the development of valleytronic
devices that are tuned by the spontaneous polarization
of domains in 2D ferroelectrics.
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