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ABSTRACT: The quantum spin Hall (QSH) effect, characterized by
topologically protected spin-polarized edge states, was recently
demonstrated in monolayers of the transition metal dichalcogenide
(TMD) WTe2. However, the robustness of this topological protection
remains largely unexplored in van der Waals heterostructures containing
one or more layers of a QSH insulator. In this work, we use scanning
tunneling microscopy and spectroscopy (STM/STS) to explore the
topological nature of twisted bilayer (tBL) WTe2. At the tBL edges, we
observe the characteristic spectroscopic signatures of the QSH edge states. For small twist angles, a rectangular moire ́ pattern
develops, which results in local modifications of the band structure. Using first-principles calculations, we quantify the interactions in
tBL WTe2 and its topological edge states as a function of interlayer distance and conclude that it is possible to engineer the topology
of WTe2 bilayers via the twist angle as well as interlayer interactions.
KEYWORDS: Topological insulators, van der Waals heterostructure, twisted bilayers, scanning tunneling microscopy,
quantum spin Hall edge states

The variety of layered two-dimensional (2D) materials
available for isolation and fabrication into van der Waals

heterostructures provides almost endless combinations for
device engineering.1 1T′-TMDs have attracted recent attention
among the layered materials following the prediction of the
QSH edge state in the monolayer (ML) limit.2 In particular,
WTe2 has been of great interest due to its realization of
multiple exotic physical phenomena depending on its thick-
ness. Monolayer 1T′-WTe2 has been reported to exhibit the
predicted QSH effect, which persists up to 100 K3−6 and
further hosts a superconducting phase below 1 K, when
electrostatically gated into the conduction band.7,8 Bilayer
(BL) WTe2 on the other hand is predicted to be a
topologically trivial semimetal,9 which has also been shown
to exhibit ferroelectric switching when a surface normal electric
field is applied.10 In the bulk limit, WTe2 was reported to
realize a type-II Weyl semimetal and higher-order topological
phase with 1D hinge states.11,12 The high degree of layer
tunability in WTe2 makes it an attractive candidate for
integration in van der Waals heterostructures, e.g., to realize
one-dimensional topological superconductivity.13 However,
there are open questions, such as the effect of coupling to
neighboring layers on the topological properties, which have to
be thoroughly understood for applications of the topological
edge states in electronic devices.
Recently, the interactions between rotationally misaligned

layers of 2D materials have attracted attention as hosts of a
variety of interesting highly correlated phenomena such as

insulating states, superconductivity, and unique topological
phases.14−19 While most studies of twisted bilayers seek to
achieve highly correlated states through a moire ́ pattern, in
which flat bands emerge in the electronic structure,14,15,17,19−22

here we focus on the effects of interlayer coupling on the
already present QSH edge state in ML WTe2. We find that for
incommensurately stacked twisted bilayer WTe2, both layers
retain their topology, which results in two sets of QSH edge
states sitting on top of each other. We experimentally study the
edge states and interlayer coupling for multiple twist angles
and rationalize our results based on first-principles calculations,
demonstrating the robust topological protection of the QSH
edge state predicted in the literature.23 In contrast to twisted
bilayers, we do not observe an edge state feature at the
topologically trivial natural bilayer WTe2 edge. The topolog-
ically trivial nature of bilayer WTe2 is supported by our
observation of a QSH edge state in monolayer WTe2 at a
monolayer−bilayer junction.
To explore the QSH edge state in exfoliated WTe2, we study

WTe2/MoS2 heterostructures (Figure 1a). Samples are
fabricated using a recently developed dry transfer flip
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technique that allows the stacking of van der Waals materials
while maintaining atomically clean surfaces and interfaces (for
details see Materials and Methods, section S1 and ref 13).
MoS2 is used as a substrate flake to provide an atomically flat
support for the WTe2. The typical signature of the WTe2 QSH
edge state in the energy range (− 0.5 ≲ Vsample ≲ 0 V) is
located in the MoS2 band gap so that substrate effects can be
excluded when analyzing the edge state spectra. In addition, we
can tunnel into the MoS2 conduction band at a sample bias of
Vsample ≳ 0.5 V, allowing us to safely scan over the edge of the
WTe2 flakes.
In large area scans of the heterostructures, we find random

folds along the edge of the WTe2 monolayer (Figure 1b). Such
folds occur by accident during the exfoliation and dry transfer
and are usually undesired, e.g., for fabrication of transport
devices. However, the fold offers a unique opportunity to study
the interaction between the QSH edge states, which are
naturally located right on top of one another along the fold. A
profile across the folded region shows a ML step height of 7.5
Å, i.e., slightly larger than for WTe2 monolayers on graphene or
NbSe2,

4,13 which we attribute to the electronic contrast
between the respective substrate materials and the WTe2.
The step height from the first to the second WTe2 layers is also
7.5 Å, which slightly deviates from the natural bilayer step

height ( 7.1 Å13,24). This deviation can be explained by the

incommensurate stacking of the rotationally misaligned layers,
resulting in a larger interlayer separation. The sharpness of the
tBL step edge indicates that it is no longer connected to the
layer below and must have been separated during fabrication as
a result of the fold. Owing to the in-plane screw axis of the 1T′
monolayer, a folded bilayer is entirely equivalent to two
stacked monolayers with a twist angle ϕ determined by the
fold axis (see section S2). Defect-free atomic resolution images
of the ML and folded bilayer (Figure 1c) resemble pristine
WTe2 reported in the literature.4,24 From the orientation of the
atomic resolution images, we determine the relative twist angle
b e t w e e n t h e t w o l a y e r s t o b e

a a f acos ( ) 66 2 cos ( )1
ML tBL

1
ML= · = ° = · , where f is

the fold axis orientation. For reference, natural bilayer WTe2
corresponds to ϕ = 180° by this definition. As a result of the
large twist angle, we do not observe a pronounced moire ́
pattern, and spectra taken on the folded region are almost
identical to those of monolayer WTe2, indicating decoupled
layers (Figure 1d). This observation implies that there should
be two independent sets of QSH edge states, one in each layer,
which we explore in the following.
First, we examine the ML WTe2 edge (Figure 2a), where we

find the typical spectroscopic signature of the QSH edge state,
in the form of an enhanced density of states below EF, in
agreement with the literature.4,13,24 The QSH edge state is

Figure 1. Twisted bilayer WTe2/MoS2 heterostructure. (a) Schematic of the tunneling experiment. (b) Large area scan (200 nm) of a WTe2
monolayer with a folded edge on a MoS2 substrate flake. Inset: Height profile across the folded WTe2 bilayer showing layer thicknesses
corresponding to single-layer step heights of WTe2, indicating atomically clean interfaces. The relative rotational misalignment of the WTe2 atomic
rows in the two regions is evident in the detail image (gradient image shown), realizing a WTe2 twisted bilayer (tBL). The fold axis f is parallel to
the resulting WTe2−MoS2 step edge. (c) Atomic model of the WTe2 unit cell and atomically resolved images, from which we determine the lattice
misorientation between the two WTe2 layers to be ϕ = 66° (tunneling parameters Vsample = −0.4 V, It = 20 pA). Red circles mark the positions of
the W atoms with a 3.48| | = Å and b 6.28| | = Å. (d) Tunneling spectroscopy on the two WTe2 regions reveals almost identical electronic
structures, while the MoS2 substrate flake shows a band gap around the Fermi energy with the conduction band edge located at 0.5 eV .
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observed on the flat terrace next to the onset of the
topographic step edge, which distinguishes it from edge
effects, such as edge reconstructions, and tip artifacts that can
occur in the transition region due to the finite tip size. We
systematically identify the positions of the topographic
edgesnamely, x = 0 nm, and the extension of the transition
regions in Figures 2a−c and 3c,das the points where the
topography gradient reaches a threshold value of
z xd /d 1.5 Å/nm= ± (see section S6 for details). Using this
detection scheme, we find that the spatial extent of the QSH
edge state on the ML WTe2 terrace is 1.2 nm, in agreement
with that observed in WTe2 on graphene4 and on NbSe2

13 and
similar to what has been predicted theoretically.25
Turning now to the ML-tBL edge, we observe a similarly

enhanced density of states, which again extends 1.2 nm from
the step edge (Figure 2b), indicating the presence of an edge
state in the upper WTe2 layer, since STM is sensitive almost
exclusively to the topmost layer. Furthermore, we observe the
same increase in density of states at the edge along the fold,
where the tBL steps down to the MoS2 (Figure 2c), again with
the same lateral extent. Along this edge, the two sets of QSH
edge states sit on top of each other, which is in contrast to

interior edges, for which the QSH edge states can only interact
with the (gapped) underlying bulk. Comparing individual
spectra extracted from the conductance maps (Figure 2d−f), it
is evident that the spectra far away from the edge of the ML
WTe2 and the tBL WTe2 are very similar over this energy
range. In addition, the spectra at the edges of the ML and tBL
WTe2 all show a very similar enhanced density of states below
EF, which is consistent with the typical signature of the QSH
edge state. We conclude that the individual layers are
decoupled, each with their own QSH edge state (Figure 2g).
In principle, backscattering between the QSH edge states of
the two layers is suppressed only for small twist angles, due to
the canted edge state spin-axis and monolayer screw
symmetry.26 However, as a result of the weak interlayer
coupling, we expect that interlayer scattering from the edge
state of one layer into the edge state of the other layer is
negligible for larger twist angles as well. In combination with
the prohibited intralayer backscattering, this suggests a strong
protection of the QSH edge states at the folded tBL WTe2
edge (see also Figure S6). We support this finding by studying
a second folded region, which has two domains, allowing the

Figure 2. Observation of edge states in twisted bilayer WTe2. (a) Tunneling conductance across the ML WTe2 step edge. The location of the
topographic edge (x = 0 nm) is extracted using a systematic edge detection scheme (see text). Right of the edge, the flat terrace of the WTe2
monolayer is measured. Here, the QSH edge state consistently appears as an enhanced density of states below the Fermi energy and decays into the
monolayer. The decay length is in agreement with the literature value of 1.2 nm (indicated by a dotted line). In the region to the left of the edge,
between −1.5 ≲ x ≤ 0 nm, the topography deviates from the flat terrace, and the measured signal can be affected by edge reconstructions and
artifacts due to the finite size of the STM tip. This “transition region” (indicated by dashed lines and overlaid in gray) is therefore excluded from the
analysis. (b) Tunneling conductance across the ML−tBL step edge showing the presence of an edge state on top of the tBL terrace. Dashed and
dotted lines defined as in (a). (c) Tunneling conductance across the tBL−MoS2 step edge similarly showing the presence of an edge state on the
tBL. (d−f) Tunneling spectra extracted from (a−c), averaged over the spatial extent of the indicated edge state regions and far away from the
edges, respectively. The y-axis scale is identical for (d−f). (g) Schematic of the topological edge states in a rotationally misaligned WTe2
homobilayer, reflecting our observations.
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characterization of two additional twist angles as well as the
lateral domain boundary state (see sections S4 and S5).
Next, we explore a step edge between a WTe2 monolayer

and a topologically trivial natural bilayer (Figure 3a,b). In the
present sample, the top WTe2 layer of the natural bilayer is
continuous and draped over the second layer underneath due
to the flipping of the sample during fabrication. With multiple
iterations of very carefully prepared sharp tips, we are able to
resolve the draped monolayer free from significant tip artifacts
and measure the tunneling conductance across the ML−BL
junction (Figure 3c and section S7). We find that there is a
clear increase in the density of states in the WTe2 monolayer
just before the bilayer, again with an extension of 1.2 nm.
The shape of this feature (Figure 3c) shows remarkable
agreement to that observed at the monolayer WTe2/MoS2
edge in Figure 2d. We therefore conclude that the
spectroscopic feature at the ML−BL junction is the
manifestation of the QSH edge state between the topological
WTe2 monolayer and the topologically trivial natural WTe2
bilayer (Figure 3f). This finding verifies that there is a
significant interlayer interaction in aligned, natural bilayer
WTe2, which is in contrast to the above studied twisted
bilayers. Such an interlayer-interaction-induced change in
topology between the monolayer and bilayer is in agreement
with WTe2 undergoing another topological transition at higher
layer number, possibly to a higher-order topological phase.12

The corresponding edge states of bulk WTe2 have an
electronic structure27 that is distinctly different from the
edge states observed in ML and tBL WTe2, indicating that
these are in fact different topological states.
In order to analyze the effect of interlayer interactions in

greater detail, we further study a tBL sample, which we
fabricate using a modified tear-and-stack technique (for details
see Materials and Methods and section S8). The tear-and-stack
sample fabrication allows us to directly control the twist angle

and therefore manifest a moire ́ pattern, in which the interlayer
coupling is expected to be modulated across the moire ́ unit
cell.22 The resulting long-range moire ́ pattern has a rectangular
unit cell and periodicity of 6.5 nm (Figure 4a,b). The
corresponding twist angle is ϕ ≈ 5.5° following the same angle
definition as with the folded bilayer, which we also directly
confirm at the tBL edge (Figure S11). Resulting from the
different stacking of W atoms, we observe two different
corrugation maxima in the moire ́ unit cell, where the A-site W
atom in one layer vertically aligns with the A- or B-site W atom
of the other layer, i.e., AA- or AB-stacking, respectively. Due to
the rectangular shape of the moire ́ unit cell, the AA-stacked
sites form a distinct quasi-one-dimensional pattern, which has
been proposed to result in an array of 1D Luttinger liquids at
low energy.28
Tunneling spectra recorded in different positions of the

moire ́ unit cell (Figure 4c) show distinctly different spectral
features. In AA-stacked positions, the conduction band peak at
0.5 eV shows a significant splitting, while spectra taken in AB
sites show a stronger hybridization in the valence bands when
compared to ML WTe2. Spectra taken at C-stacked locations,
where the unit cells are shifted by b/2 with respect to each
other, show similarity to those of the natural bilayer, with a
valence band feature at ∼−0.3 eV. Interestingly, this
observation roughly coincides with the arrangement of W
atoms in this location of the tBL moire ́ unit cell being similar
to that of the natural bilayer, despite the C-stacked WTe2
having a 0° twist compared to the natural bilayer’s 180° (see
section S8 and Figure S12). Since the topography at this
position is close to a minimum in the topography, we expect
the layer hybridization to be stronger than in AA- and AB-
stacked regions. In combination, we attribute the distinct
changes of the local electronic structure to the different
interlayer interactions, which are the result of the local stacking
geometry.

Figure 3. Edge state at a monolayer/natural bilayer junction. (a) Large area scan of an exfoliated natural WTe2 bilayer connected to a monolayer.
(b) Atomic resolution scan and gradient of the ML−BL junction showing parallel atomic rows. The top layer is expected to be continuous as a
result of the sample fabrication technique and therefore can be measured free from significant tip artifacts (inset: schematic of the top layer draped
over the second layer underneath). (c,d) Tunneling conductance measured across the ML−BL edge and BL−MoS2 edge, showing no signature of
an edge state on the BL terrace. However, we observe an increase in the density of states in the transition region between the ML and BL, which is
identical to the signature of the QSH state shown in Figure 2a. (e) Tunneling spectra extracted from (c) and (d), averaged over the spatial extent of
the indicated edge state region and far away from the edges, respectively. (f) Schematic of the QSH edge state in a WTe2 ML−BL junction.
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To understand the influence of interlayer distance and
stacking on the electronic and topological properties of the
WTe2 bilayers, we performed density functional theory (DFT)
calculations of a WTe2 monolayer, natural bilayer (ϕ = 180°),
as well as a bilayer with ϕ = 0°, most closely resembling our
experiments on small twist angle tBLs. Details of the calculated
band structures are found in the Materials and Methods and
the Supporting Information. In general, we find that weakly
coupled WTe2 bilayers can be regarded as two decoupled
monolayers, each retaining the electronic character of a WTe2
monolayer, i.e., the QSH state ( 1)2 = . When bringing the
layers closer together, they begin to interact and hybridize,

leading to a global trivial topology, 2 = 0, in agreement with
our experiments and earlier studies.9 The resulting charge
transfer between the layers further leads to an increasing shift
of their edge states with respect to each other (Figure 5). We

further investigate the effect of the subtle structural differences
between the 1T′ and the 1Td phase on our calculations (see
section S9) and find that the electronic and topological
properties are strongly dependent on the stacking geometry
owing to their different symmetries and interlayer spacings,
which result in different amounts of charge transfer between
the layers (Figures S21 and S22). Interestingly, as we bring the
bilayers very close together (d ≈ 7.25 Å in AA stacking), our
calculations predict another topological transition back to 2 =
1 for the Td phase (section S9 and Figure S17). This interlayer
distance is however significantly smaller than the d ≈ 8 Å
realized in the AA location of our ϕ = 5.5° sample.
In summary, we report the presence of characteristic edge

states in tBL WTe2 for a total of four different twist angles,
including along a coinciding edge where two sets of QSH edge
states sit on top of the other as well as a lateral domain
boundary. By comparison to experimental results at the
boundaries of natural bilayer WTe2 as well as DFT
calculations, we conclude that it is possible to engineer the
topology of WTe2 bilayers via their twist angle and interlayer
interactions.

Figure 4. Tear-and-stack twisted bilayer WTe2. (a) Large scale
topography of the moire ́ pattern with periodicity corresponding to ϕ
= 5.5° (Vsample = −2 V, It = 20 pA). (b) Height profile of the moire ́
pattern along the dashed line in (a). (c) Tunneling conductance in
different regions of the moire ́ unit cell. While at the AA-stacked site
the conduction band peak is split (blue arrows), at the AB-stacked
site, the valence band edge is broadened (red arrow), demonstrating
distinct electronic properties within the moire ́ unit cell. Spectra taken
at C-stacked sites show an increase in the valence band intensity at E
− EF = −0.3 eV (green arrow), which results in a spectrum similar to
that of natural BL shown in Figure 3e. Inset: Atomic resolution
topography with the moire ́ unit cell indicated in white (Vsample = −1
V, It = 55 pA).

Figure 5. Dependence of tear-and-stack bilayer edge states on
interlayer spacing. (a−d) Calculated band structures of a ϕ = 0° T′
bilayer at interlayer distances of d = 6.5 Å to d = 8.0 Å. As the layers
are moved further apart from each other, their QSH edge states
become increasingly closer in energy due to a reducing charge transfer
between the layers. When the layers are completely decoupled, the
edge states are identical to that of WTe2 ML. Black and white dashed
lines in the left half of each panel indicate the edge state spin
orientation in each of the two layers, respectively. Arrows indicate the
respective Dirac points.
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■ MATERIALS AND METHODS

Sample Preparation. WTe2 and MoS2 were exfoliated
onto 285 nm SiO2/Si substrates. Exfoliating WTe2 crystals
produces flakes that have a high probability of producing edges
that are aligned with one of the two crystal axes. We picked up
a (20 ± 1) nm-thick MoS2 flake with a PPC/PDMS stamp and
subsequently a WTe2 flake containing mono- and bilayer
regions. After the WTe2 pickup, the heterostructure was
flipped upside down and placed onto a gold lead on an SiO2
substrate, which was premounted and contacted to an STM
sample plate. The tear-and-stack sample was fabricated in the
same way, except that two pick-ups of the WTe2 took place
with a slight rotation of the substrate after the first pickup. The
exfoliation and stacking took place in a nitrogen-filled
glovebox, from which the samples were transferred into a
high vacuum tube furnace to remove the PPC by annealing at
250 °C for 8 h. Subsequently, the samples are transferred into
the STM ultrahigh vacuum chamber where a final anneal at
250 °C for ∼10 min (p ≤ 1 × 10−8 mbar) was performed; all
sample transfers took place in nitrogen atmosphere.
STM Measurements. STM measurements are performed

using a commercial CreaTec setup with a sample stage
temperature of 4.7 K. Electrochemically etched tungsten tips
were indented and checked for a clean spectrum on the gold
leads prior to and in between measurements. The measure-
ments throughout the manuscript have been performed with
multiple iterations of freshly prepared tip apexes to exclude tip
artifacts. dI/dV measurements were performed using a lock-in
amplifier set to a frequency of f = 869 Hz, at stabilization set
point Vsample = 500 mV, It = 50 pA, and a modulation
amplitude Vmod = 10 mV, except for Figures 1d and 4c, for
which we used Vsample = 1 V, It = 100pA, and a modulation
amplitude Vmod = 20 mV.
DFT Calculations. Calculated band structures show the

density of states in k-space (color coded), as a function of ky
and binding energy with respect to EF. Details of the DFT
calculations can be found in the Supporting Information.
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(13) Lüpke, F.; et al. Proximity-induced superconducting gap in the
quantum spin Hall edge state of monolayer WTe2. Nat. Phys. 2020,
16, 526−530.
(14) Cao, Y.; et al. Correlated insulator behaviour at half-filling in
magic-angle graphene superlattices. Nature 2018, 556, 80−84.
(15) Cao, Y.; et al. Unconventional superconductivity in magic-angle
graphene superlattices. Nature 2018, 556, 43−50.
(16) Wang, L.; et al. Correlated electronic phases in twisted bilayer
transition metal dichalcogenides. Nat. Mater. 2020, 19, 861−866.
(17) Yankowitz, M.; et al. Tuning superconductivity in twisted
bilayer graphene. Science 2019, 363, 1059−1064.
(18) Lu, X.; et al. Superconductors, orbital magnets and correlated
states in magic-angle bilayer graphene. Nature 2019, 574, 653−657.
(19) Wu, F.; Lovorn, T.; Tutuc, E.; Martin, I.; MacDonald, A. H.
Topological insulators in twisted transition metal dichalcogenide
homobilayers. Phys. Rev. Lett. 2019, 122, 086402.

(20) Pan, Y.; et al. Quantum-confined electronic states arising from
the moire ́ pattern of MoS2-WSe2 heterobilayers. Nano Lett. 2018, 18,
1849−1855.
(21) Serlin, M.; et al. Intrinsic quantized anomalous Hall effect in a
moire ́ heterostructure. Science 2020, 367, 900−903.
(22) Waters, D.; et al. Flat bands and mechanical deformation effects
in the moire ́ superlattice of MoS2-WSe2 heterobilayers. ACS Nano
2020, 14, 7564−7573.
(23) Kane, C. L.; Mele, E. J. Quantum spin hall effect in graphene.
Phys. Rev. Lett. 2005, 95, 226801.
(24) Jia, Z.-Y.; et al. Direct visualization of a two-dimensional
topological insulator in the single-layer 1T’-WTe2. Phys. Rev. B 2017,
96, 041108.
(25) Arora, A.; Shi, L.-k.; Song, J. C. W. Cooperative orbital
moments and edge magnetoresistance in monolayer Wte2. Phys. Rev.
B 2020, 102, 161402.
(26) Zhao, W.; et al. Determination of the Spin Axis in Quantum
Spin Hall Insulator Candidate Monolayer WTe2. Phys. Rev. X 2021,
11, 041034.
(27) Peng, L.; et al. Observation of topological states residing at step
edges of WTe2. Nat. Commun. 2017, 8, 659.
(28) Wang, P.; et al. One-dimensional luttinger liquids in a two-
dimensional moire ́ lattice. Nature 2022, 605, 57−62.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c00432
Nano Lett. 2022, 22, 5674−5680

5680

 Recommended by ACS

https://doi.org/10.1038/nature12385
https://doi.org/10.1126/science.1256815
https://doi.org/10.1126/science.1256815
https://doi.org/10.1038/nphys4091
https://doi.org/10.1038/nphys4174
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1126/sciadv.aat8799
https://doi.org/10.1126/sciadv.aat8799
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1038/s41467-017-02237-1
https://doi.org/10.1038/s41467-017-02237-1
https://doi.org/10.1038/s41563-020-0721-9
https://doi.org/10.1038/s41563-020-0721-9
https://doi.org/10.1038/s41563-020-0721-9
https://doi.org/10.1038/s41567-020-0816-x
https://doi.org/10.1038/s41567-020-0816-x
https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/s41563-020-0708-6
https://doi.org/10.1038/s41563-020-0708-6
https://doi.org/10.1126/science.aav1910
https://doi.org/10.1126/science.aav1910
https://doi.org/10.1038/s41586-019-1695-0
https://doi.org/10.1038/s41586-019-1695-0
https://doi.org/10.1103/PhysRevLett.122.086402
https://doi.org/10.1103/PhysRevLett.122.086402
https://doi.org/10.1021/acs.nanolett.7b05125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b05125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aay5533
https://doi.org/10.1126/science.aay5533
https://doi.org/10.1021/acsnano.0c03414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.95.226801
https://doi.org/10.1103/PhysRevB.96.041108
https://doi.org/10.1103/PhysRevB.96.041108
https://doi.org/10.1103/PhysRevB.102.161402
https://doi.org/10.1103/PhysRevB.102.161402
https://doi.org/10.1038/s41467-017-00745-8
https://doi.org/10.1038/s41467-017-00745-8
https://doi.org/10.1038/s41586-022-04514-6
https://doi.org/10.1038/s41586-022-04514-6
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c00432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c01421?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c01421?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c01421?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c01421?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acs.jpcc.9b10423?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acs.jpcc.9b10423?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acs.jpcc.9b10423?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acs.jpcc.9b10423?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acs.jpcc.9b10423?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsaelm.2c00763?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsaelm.2c00763?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsaelm.2c00763?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsaelm.2c00763?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsaelm.2c00763?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsomega.0c06043?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsomega.0c06043?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsomega.0c06043?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsomega.0c06043?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsomega.0c06043?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsomega.0c06043?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
http://pubs.acs.org/doi/10.1021/acsomega.0c06043?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1666851901&referrer_DOI=10.1021%2Facs.nanolett.2c00432
https://preferences.acs.org/ai_alert?follow=1

