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Twist-induced interlayer charge buildup in a WS, bilayer revealed by electron Compton scattering
and density functional theory
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Exotic properties emerge from the electronic structure of few-layer transition-metal dichalcogenides (TMDs),
such as direct band gaps in monolayers and moiré excitons in twisted bilayers, which are exploited in modern
optoelectronic devices and twistronics. Here, Compton scattering in a transmission electron microscope (TEM)
is used to probe the nature of the interlayer electronic coupling in the TMD material WS,. The high spatial
resolution and strong scattering in the TEM enables a complete analysis of individual WS, domains, including
their crystal structure. Compton measurements show that the electrons in an 18° twisted bilayer are more
localized than in a monolayer. Density functional theory simulations reveal this is caused by a twist-induced
charge buildup in the interlayer region, directly shielding the energetically unfavorable overlapping tungsten
atoms. This unexpected result uncovers the precise role of twist angle on interlayer coupling, and therefore the

physical properties that depend on it.

DOI: 10.1103/PhysRevB.107.235424

I. INTRODUCTION

Since the experimental realization of graphene by
Novoselov et al. [1] and Geim and Novoselov [2], the field
of 2D materials has grown rapidly to include other layered
materials, such as elemental phosphorene [3] and silicene [4],
the transition-metal dichalcogenides (TMD) [5] and group
III/V chalcogenides [6], ceramic transition-metal carbides and
nitrides (i.e., MXenes) [7], as well as polymers [8]. Novel
properties related to the electronic structure emerge in the
2D limit, including ballistic transport of electrons [1], ferro-
magnetism [9], topological insulators [10], superconductivity
[11], and indirect to direct band-gap transitions [12]. Further
functionality is obtained by creating heterostructures of dif-
ferent 2D materials [13]. The weak van der Waals bonding
between individual layers means that unlike their bulk coun-
terparts, strain due to lattice mismatch is largely absent in
2D heterostructures, and hence there is no restriction in the
choice of materials. In twistronics, the twist angle between
individual layers creates moiré superlattices, which give rise
to unexpected properties such as superconducting [14] and
insulating [15] behavior in graphene, as well as moir¢ excitons
in TMDs [16].

With such a wealth of new physics, and exploitation
of 2D materials in next-generation transistors [17] and
photonic devices [18], it is important to develop robust
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methods for electronic structure analysis of these materials.
Angle-resolved photoemission spectroscopy (ARPES)
[19-21] and scanning tunneling spectroscopy (STS)
[22-24] are commonly used to measure the electronic
structure of monolayers deposited on substrates. The sample
must however be in a pristine condition with no surface
hydrocarbons, so that thermal annealing in ultrahigh vacuum
may be required prior to analysis, especially if chemical
methods are used to exfoliate or transfer the sample onto new
substrates [25]. The limited spatial resolution of ARPES also
means that only large-area epitaxial monolayers grown by
chemical vapor deposition (CVD) or molecular-beam epitaxy
are suitable for analysis [19]. Smaller flakes can be analyzed
in a synchrotron using nano-ARPES at submicrometer
resolution, but no information is available on the structure of
the analyzed region, which is important for twisted bilayers.
STS can achieve atomic resolution, although care must be
taken with potential artifacts due to tip-sample separation
and tip-induced band bending [23,24]. A more versatile
electronic structure analysis method that is applicable to a
wide range of 2D materials, is easy to interpret, and provides
complementary structural information, such as number of
layers, twist angle etc., is therefore required.

In a transmission electron microscope (TEM) the elec-
tronic structure can be analyzed via Compton scattering of
the high-energy primary electron with individual electrons in
the solid [Fig. 1(a)] [26,27]. In the impulse approximation
[26], the primary electron imparts some of its energy and
momentum to a solid-state electron in a two-body collision
that is independent of other solid-state electrons and atomic
nuclei. For a sample that is illuminated by a tilted parallel
electron beam [Fig. 1(b)] the Compton inelastic signal appears
as a broad peak at large scattering angles ¢ in an electron
energy-loss spectrum [EELS; Fig. 1(c)]. The broadening of
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FIG. 1. (a) Compton scattering event between the primary high-energy electron and target electrons in the solid. (Ey, p;) and (E,, p2)
are the energy and momentum of the primary electron before and after Compton scattering, respectively, while (E;, p;) and (E;, p¢) are the
corresponding values for the target electrons. ¢ is the Compton scattering angle, and q is the scattering vector. (b) Experimental EELS setup
for Compton scattering measurements in the TEM. An off-axis EELS spectrum for monolayer WS, with Compton profile is shown in (c). Also
note the presence of the carbon K edge due to hydrocarbon contamination on the sample.

the Compton peak is due to the momentum distribution of the
solid-state electrons (Doppler broadening effect). The Comp-
ton profile is therefore directly related to J(p,), the projected
density of electrons with momentum component p, along
the scattering vector direction [28], a quantity that can be
derived from the electronic band structure of the material.
Two-dimensional materials are ideal for Compton analysis in
the TEM for several reasons. First, the strong interaction of
the primary electron beam with the specimen means that a
Compton signal can be obtained from a monolayer within only
a few minutes. Secondly, the illumination area of the parallel
beam on the sample is only a few hundred nanometers in di-
ameter (~600 nm in this study, although smaller diameters are
possible on our TEM), which is similar to nano-ARPES, but
with the additional advantage that the structure and chemistry
of the analysis region are readily obtained through comple-
mentary TEM techniques.

Here, we present electron Compton scattering results from
single flakes of monolayer and 18° twisted bilayer WS,. The
material shows an indirect to direct band-gap transition in the
monolayer limit [29,30]. Experimental J(p,) data combined
with density functional theory (DFT) simulations reveal an
unexpected localization of electronic charge in the interlayer
region of the bilayer. The charge buildup is structurally
induced, with higher charge concentrations found between
“wrong bonds” of overlapping tungsten atoms. The twist

angle has been shown to alter the optical, vibrational, and
electrical properties of bilayer TMDs [31]. By combining
TEM with DFT we are able to uncover the precise nature
of the interlayer coupling in twisted bilayers. The results are
significant for twistronic applications, where the twist angle
is used to modify the material physical properties.

II. METHODS
A. WS, sample fabrication

WS, films were grown on a sapphire substrate via growth-
etch metal organic chemical vapor deposition (GE- MOCVD)
at a temperature of 850 °C and 50-Torr pressure. The method
involves a pulsed delivery of tungsten carbonyl (W(CO))
and di-fert-butyl sulfide precursors with a supply of H,O
vapor between the growth cycles. Here, H,O vapor acts
as an etchant for part of WS, nuclei and carbon con-
taminants ensuring the growth of large WS, domains. For
more details, see Refs. [32,33]. After growth, the WS, films
were transferred onto a holey carbon TEM grid using the
surface-energy assisted process [34]. Specifically, a layer of
polystyrene was spin coated on the substrate and baked to se-
cure good adhesion between WS, and polymer. The assembly
was then immersed in deionized water, causing delamina-
tion of the WS,/polystyrene film from the substrate due to
hydrophobic and hydrophilic properties of WS, and sapphire,
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respectively. The film was then transferred onto the TEM grid
and the remaining polystyrene coating dissolved in toluene.

B. Transmission electron microscopy

TEM was performed on a JEOL 2100F field-emission
gun microscope operating at 200 kV. A Gatan Rio camera
was used for recording the high-resolution electron mi-
croscopy (HREM) images and selected-area electron diffrac-
tion (SAED) patterns. The parallel electron beam was tilted
for Compton measurements using the beam shift/tilt coils
in centered dark-field imaging mode. EELS spectra were
recorded in imaging mode on a Gatan Tridiem spectrome-
ter at 0.5 eV per channel dispersion. The EELS collection
semiangle of 5.3 mrad is determined by the 20-um objective
aperture used for centered dark-field imaging. The Compton
scattering angle was 39.5 mrad, and the scattering vector was
along 1010 for monolayer WS, and bisecting the 1010 Bragg
reflection pairs for twisted bilayers. A holey carbon TEM grid
was used for Compton measurements on amorphous carbon,
with a slightly larger scattering angle of 41.2 mrad. A power-
law model was used to subtract the background under the
Compton peak, which was then converted to a J(p,) profile,
assuming the impulse approximation and the equations given
in Ref. [35]. Only the high energy-loss side of the Compton
profile was used for analysis in order to avoid the overlap with
the carbon K edge [see Fig. 1(c)].

C. Density functional theory

DFT simulations were performed using the CASTEP elec-
tronic structure code, which is a plane-wave pseudopotential
method to solve a set of single-electron Kohn-Sham equa-
tions [36]. For WS,, electron-ion interactions were described
using an ultrasoft pseudopotential formalism, while the
meta-generalized gradient approximation (meta-GGA), reg-
ularized SCAN functional [37] was used to approximate
electron exchange and correlation. The plane-wave basis-
set cutoff (350 eV) and k-point sampling (3 x 3 x 1) for
Brillouin-zone integrations was converged to better than
5 meV per atom. Geometry optimizations were considered
to be converged when the forces between atoms were below
0.05 eV/A. The c axis of the supercell was expanded to 38.37
A to include a vacuum region, which minimized artifacts
caused by periodic boundary conditions. The electron group
velocity and density of states in k space were calculated from
the gradient of the electronic band structure [38], from which
pz and J(p,) can be derived. Electronic bands up to 15 eV be-
low the highest occupied level were used for calculating J(p;).
While this does not give J(p,) for all electrons in the solid,
it is sufficient to accurately calculate the difference AJ(p,)
between monolayer and bilayer, since the major changes due
to interlayer coupling involve electronic states within only
1 eV of the valence-band maximum [39]. Further integration
of electronic states to lower energies resulted in a “spike”
around p, = 0, since the band structure of these semicore
states was largely flat. To avoid artifacts due to the spike, J(p,)
at small values of p, (< 0.18a.u.) were discarded. Further-
more, the finite sampling of the band structure produced some
“noise” in the J(p,) data (see Supplemental Material [40]),
which was smoothed using a Savitzky-Golay filter [41].

III. RESULTS AND DISCUSSION

A. Structural characterization and Compton scattering

Only freestanding regions of WS, suspended over vac-
uum in the holey carbon TEM grid were used for Compton
analysis. The sample consisted of single monolayers as well
as bilayers, the latter created by monolayer folding during
TEM preparation. Representative HREM lattice images and
SAED patterns for monolayer and bilayer WS, are shown in
Fig. 2. The monolayer does not contain any noticeable defects,
such as vacancies or grain boundaries, although there is some
hydrocarbon contamination on the surface [Fig. 2(a)], as is
typical for 2D materials. The HREM image for the bilayer
shows a distinct moiré pattern [Fig. 2(d)] due to a 17° twist
angle between the individual layers, as evidenced by pairing
of the Bragg reflections in the SAED pattern [Fig. 2(f)]. The
twist angle was not constant, but varied between different
bilayers.

An off-axis EELS spectrum at large momentum transfer
has a significantly weaker intensity compared to a standard
on-axis EELS spectrum that is acquired close to zero mo-
mentum transfer. Electron beam damage of the specimen,
especially sputter damage of chalcogen atoms in TMDs, dur-
ing the relatively long acquisition times required for Compton
analysis could therefore be an issue. DFT calculations have
shown that sulfur vacancies in monolayer MoS, reduce the
band gap by forming defect states, although the vacancy con-
centration where noticeable changes are observed is extremely
large, i.e., one or more sulfur vacancies in every 3 x 3 MoS;
unit cell [39]. The evolution of damage in monolayer WS,
by a 200-kV electron beam was investigated by acquiring a
time series of HREM images at different stages of electron-
beam exposure (Fig. 3). Atomic-size, isolated vacancies are
observed after 30 s, which coalesce into larger clusters (<
1 nm) after approximately 100 s. Electron-beam damage was
also examined by monitoring the intensity of a higher-order
3300 Bragg reflection as a function of time (see Supplemental
Material [40]). The Bragg intensity only started decreasing
after ~120s, indicating that the long-range order of WS, is
still largely preserved until that time, despite the appearance
of vacancies. The maximum acquisition time for an electron
Compton measurement, using the same experimental condi-
tions as HREM and SAED, was therefore limited to 60 s to
avoid any artifacts due to beam damage.

The band gap in multilayer WS, is indirect, with the
valence-band maximum at the I" point and conduction-band
minimum at the Q point along the I'-K reciprocal direction
[42]. The electronic states at these extrema contain con-
tributions from the out-of-plane chalcogen p orbitals, and
are therefore sensitive to interlayer coupling. Reducing the
number of layers to at most only a few layers results in a
decrease (increase) in the valence- (conduction-) band energy
at the I' (Q-) point. For a monolayer the smallest energy
gap is therefore a direct band gap at the K point [42]. The
K-point electronic states comprise a mixture of transition
metal d electrons and chalcogen p-orbital electrons, and are
largely unaffected by interlayer coupling. In fact, the largest
changes to the electronic structure with number of layers oc-
cur close to the I point along the I'-K direction. The electron
Compton signal is therefore acquired with the scattering

235424-3



A. TALMANTAITE et al.

PHYSICAL REVIEW B 107, 235424 (2023)

FIG. 2. HREM images of monolayer WS, under different magnifications in (a) and (b), and (c) corresponding SAED pattern. Red and
yellow dots in (b) are a guide to the eye for approximate tungsten and sulfur atom positions, respectively. Some surface hydrocarbon
contamination is evident in (a). HREM images of a 17° twisted bilayer under different magnifications are shown in (d) and (e), while (f)

is the corresponding SAED pattern.

vector along the 1010 reciprocal direction. For bilayers the
scattering vector was chosen to bisect a pair of 1010 reflec-
tions; the projected momentum component p, of electrons in
a Compton J(p,) measurement would then deviate from the
true ['-K direction by half the twist angle.

The Compton scattering angle ¢ is another important ex-
perimental parameter. In measurements at small values of ¢,
which have short acquisition times due to the smaller mo-
mentum transfer, the Compton peak appears at lower energy
losses in the EELS spectrum. Hence, fewer electrons can
participate in Compton scattering, since the electron bind-
ing energy must be smaller than the Compton energy loss.
Furthermore, the Compton profile will be more prone to
background subtraction artifacts from the tail of the plasmon
peak [26]. The scattering angle in our study was set to 39.5
mrad, which placed the Compton peak maximum at ~420 eV
[Fig. 1(c)], higher than the carbon K-edge artifact at 284 eV
due to surface hydrocarbon contamination [Fig. 2(a)]. At these
conditions, all sulfur electrons apart from the core K-shell
electrons undergo Compton scattering, while for the heavier
tungsten atoms only the outer P, O-shell and 4d, 4 f electrons
are Compton scattered [43] (see Supplemental Material [40]).
This is, however, sufficient to probe the electronic structure
due to interlayer coupling in WS,. Recent work has also
indicated that reliable J(p,) data can be obtained for “soft”
Compton collisions at small scattering angles, where only the
valence electrons are excited [35].

Figure 4(a) shows J(p,) profiles measured along 1010 for
three different WS, monolayers. The area under the curve is
proportional to the number of electrons undergoing Compton
scattering [28], but here the area has been normalized to
unity, since we expect some (unknown) contribution from the
surface hydrocarbon contamination. There is a high degree of

reproducibility between the measurements, despite potential
contamination artifacts. For example, the difference AJ(p,)
between any two of the monolayers [e.g., Fig. 4(b)] showed
only random variations, with a magnitude of no more than
0.06 normalized units [see also Supplemental Material [40]
for further AJ(p,) difference spectra between monolayers].
Bragg diffraction in a crystal is known to introduce artifacts
in electron Compton measurements, due to the Bragg beams
being secondary sources of Compton scattering [44]. How-
ever, diffraction artifacts are minimal for a WS, monolayer,
where the unscattered beam intensity is measured to be at
least two orders of magnitude larger than the Bragg beams.
Hence, asymmetric EELS Compton profile shapes, which are
characteristic of Bragg diffraction [44], are not observed. In
Fig. 4(c), the normalized J(p,) curves for two bilayers with
twist angles of 18° and 12° are superimposed, and the corre-
sponding AJ(p,) difference profile is plotted in Fig. 4(d) (see
Supplemental Material for bilayer SAED patterns and Comp-
ton scattering vectors [40]). AJ(p,) shows a more systematic
variation, with the largest differences occurring around p, =
0. This could indicate the importance of the twist angle on the
bilayer electronic structure, although experimental artifacts
due to varying amounts of hydrocarbon contamination and/or
error in the choice of scattering vector cannot be ruled out (for
the 12° twisted bilayer the scattering vector passed through a
Bragg beam, rather than bisecting the pair of Bragg spots).

B. Electronic structure changes due to interlayer coupling

Figure 5(a) shows a comparison of the normalized
J(p,) for a monolayer and the 18° twist-angle bilayer.
The monolayer J(p,) is taller and narrower compared
to the bilayer. To quantify the changes, the AJ(p,)
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FIG. 3. Defect formation in monolayer WS, as a function of
electron-beam irradiation time (seconds). Circled region in (c) is an
observable vacancy cluster due to electron-beam damage. Also note
the presence of hydrocarbon contamination on the sample. Scale bar
represents 5 nm.

= [J(P2)monolayer — J (P2)vitayer] difference profile was divided
by the J(p,) value for the monolayer at p, = 0 (this method
of plotting enables a direct comparison with DFT simula-
tion; see Methods, Sec. II). The resulting fractional difference
profile [Fig. 5(b)] has largest values for electron momen-
tum components p, close to zero. This is consistent with
previous DFT results, which showed that interlayer cou-
pling had the strongest effect on the valence-band maximum
around the I' point, while the K point remained virtually
unchanged [12,42]. The monolayer has a higher electron
density for p, values between zero and ~1.4 atomic units
(a.u.), meaning the electrons are more localized along the
I'-K direction in the bilayer. The experimental data were
also compared with DFT simulations using CASTEP [36].
Normalized J(p,) profiles simulated from unit cells of WS,
monolayer and bilayer with 60° (perfect “AB” stacking)
and 18° twist angle are shown in Fig. 5(c). The coincident
site lattice for the 18° WS, bilayer was computer gen-
erated [44] and lattice relaxed using DFT. The algorithm
in Ref. [45] optimizes the multiplicity of each constituent
lattice, such that the deformation required to generate a
coincident site lattice is as small as possible; see Supple-

mental Material [40] for more details about the supercell.
Note that the simulated J(p,) profiles have been smoothed
to reduce noise from finite sampling of the electronic band
structure. The raw data can be found in the Supplemental
Material [40], and the simulation procedure is described in
Methods, Sec. II. The twist angle has an important effect
on the bilayer electronic structure. At 18° twist angle the
electrons are considerably more localized than in a perfectly
stacked bilayer, as is evident from a much broader J(p,)
profile for the former [Fig. 5(c)].

Previous investigations on bilayer graphene [46] and TMD
bilayer heterostructures (e.g., MoS,-WS,) [47], have shown
significant atomic relaxation at small twist angles (< 1°).
The geometric moiré pattern contains local regions of ideal
AB stacking, as well as higher-energy “AA” stacking. Upon
relaxation, the material rearranges to form larger AB domains.
However, as the twist angle increases beyond 1°, the lo-
cal atomic configuration changes more rapidly, and domain
formation is not observed [46,47]. This is also true for the
bilayers in this study, where the twist angle is > 10°. HREM
[Fig. 2(e)] shows a geometric moiré pattern rather than do-
mains, and the SAED pattern [Fig. 2(f)] does not reveal any
satellite reflections arising from an underlying domain struc-
ture [46]. The DFT relaxed supercell for the 18° bilayer also
did not show any evidence for domains (see Supplemental
Material [40]). Finally, if domains were to form, the J(p,)
for the twisted bilayer should agree more closely with perfect
stacking. All of these observations indicate that domain for-
mation cannot explain the changes in J(p,) with twist angle.

To determine the origin of localized electron behavior, iso-
surfaces of the electron density are plotted for the 18° twisted
bilayer. Figure 6(a) shows the isosurface for an electron
density 0.000 350max, Where pmax is the maximum electron
density. Charge buildup in the interlayer region is observed,
which is not present in the AB stacked bilayer (see Supple-
mental Material [40]). The amount of interlayer charge is
estimated to be 0.13% or ~9 electrons per supercell. A precise
calculation is difficult, since there is some overlap with the
electron density assigned to atoms in the top and bottom
WS, layers, specifically low-energy, outer electron orbitals
that have a large spatial extent. Note that only the outermost
valence electrons are used to calculate the J(p,) profiles in
Fig. 5(c) (see Methods, Sec. II), and therefore the changes in
the profile shape with twist angle are more pronounced than
what would be expected if all the electrons were included.
The interlayer charge buildup is strongest in regions where
tungsten atoms from the two WS, sheets are close to vertical
alignment [Fig. 6(b)]. To quantify this further, we calculated
the pair separation between two W atoms in the top and
bottom layer which are “nearest neighbors” when viewed in
projection along the ¢ axis of the bilayer. Figure 6(c) shows
the correlation between the nearest-neighbor pair separation
projected in the ab plane and along the ¢ axis. For ideal AB
stacking the ab-plane pair separation is 1.8 A, but due to the
18° twist angle the spacings here are much smaller, and there
is also an example of two W atoms in perfect vertical registry
[Fig. 6(b)]. As a general trend, the pair separation along the
¢ axis increases as the nearest-neighbor W atoms approach
vertical alignment. The c-axis pair separations for the twisted
bilayer are much larger than the ideal value of 6.2 A for
AB stacking. Vertically aligned W atoms are energetically
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FIG. 4. (a) Experimental J(p,) profiles for three different WS, monolayer flakes. Area under the curve is normalized to unity. Data points
for “monolayer 2” are partly hidden by strong overlap between profiles. AJ(p,) difference profile for monolayers 1 and 3 is shown in (b). (c)
Normalized, experimental J(p,) profiles for two WS, bilayer flakes with twist angle 18° (bilayer 1) and 12° (bilayer 2). Corresponding AJ(p,)

difference profile is shown in (d).

unfavorable; the results indicate that the energy is reduced
by a local increase in the layer separation, accompanied by
charge buildup in the interlayer region. Interlayer charge has
also been reported in Bi,Se;-TMD heterostructure bilayers
[48] using DFT. That study also claimed indirect experimen-
tal evidence for the interlayer charge using SAED, although
dynamical electron diffraction from the moiré superlattice
cannot be ruled out. The twist angle in MoS; bilayers has been
shown to alter the band gap, Raman vibrational modes, and
electron mobility [31,49]. Nano-ARPES measurements reveal
the largest changes in the electronic structure to be around the
valence-band maximum at the I" point [50], while DFT sim-
ulations indicate that the changes are driven by the interlayer
spacing for the different twist configurations [31,49]. There
was no investigation into interlayer charge buildup, although
based on the current evidence for WS, it is speculated that
this should also occur in MoS; bilayers.

The fractional difference profiles, i.e., AJ(p,) divided by
the monolayer J(p,) value at the origin, for CASTEP simulated
monolayer and bilayer structures are shown in Fig. 5(d). The
introduction of the 18° twist angle gives better agreement
with the experimental result compared to perfect AB stack-
ing [Fig. 5(b)], although important differences still remain.

For example, the simulation shows a small peak between
p, =0.8 and 1.2 a.u., due to higher J(p,) values for the
monolayer in this momentum range [Fig. 5(c)], which can be
attributed to electronic states within 1 eV from the valence-
band maximum. The small peak is, however, not observed in
the experiment, although this could partly be due to the large
scatter in data points at the corresponding p, values. A further
discrepancy is that the simulated fractional AJ(p,) value at
p., = 0 is larger by a factor of ~5 compared to experiment.

A potential source of artifacts is the hydrocarbon
contamination present on the WS, surface [Fig. 2(a)]. The
AJ(p,) difference spectrum will largely remove the Compton
signal from the hydrocarbons, although a residual contribution
could still be present if monolayer and bilayer have different
amounts of contamination. To estimate its effect, a normalized
J(p,) profile for amorphous carbon was measured using a
holey carbon TEM specimen [Fig. 5(e)]. The profile was then
smoothed and a small fraction either added or subtracted
from the simulated, fractional AJ(p,) difference plot between
WS, monolayer and 18° twist bilayer. Figure 5(f) shows
representative graphs for residual carbon values between 10%
undersubtracted to 10% oversubtracted. Undersubtraction
corresponds to higher contamination in the monolayer
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FIG. 5. (a) Normalized, experimental J(p,) profiles for monolayer and 18° twist bilayer WSy; (b) the AJ(p,) = [J(P2)monolayer —
J(P2)bitayer] difference profile expressed as a fraction of the monolayer J(p,) value at p, = 0. (¢) Normalized, DFT simulated J(p,) profiles
for WS, monolayer, and bilayer with 60° and 18° twist angles. (d) Corresponding AJ(p,) difference profiles between monolayer and bilayer
expressed as a fraction of the monolayer J(p,) value at p, = 0. (e) Experimental J(p,) profile for amorphous carbon. Area under the curve
has been normalized to unity. In (f) varying amounts of residual carbon J(p,) are added or subtracted from the fractional AJ(p,) curve in (d)
between monolayer and 18° twist bilayer.

compared to bilayer, and vice versa for oversubtraction. A is undersubtracted, which leads to higher fractional AJ(p,)
range of ££10% carbon was considered to be realistic levels for values close to the origin [Fig. 5(f)]. A residual Compton
residual contamination. The bilayers are formed by monolayer  signal from hydrocarbon contamination is therefore unlikely
folding during TEM specimen preparation, which should  to be the dominant cause of the discrepancy between
result in a smaller fraction of surface contamination compared simulation and experiment, though it will have some
to a monolayer, since the folded interiors are less exposed to contribution. However, the presence of contamination in
the outside environment. In this scenario, the carbon signal  the interlayer region is likely to reduce coupling between the
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FIG. 6. (a) Electron density isosurface plot showing charge buildup, indicated by arrows, in interlayer region of a 18° twisted WS, bilayer.
Electron density is equal to 0.000 35 py,x, Where pp.x is the maximum electron density. (b) Projected image of the interlayer charge (shaded
gray) as viewed along the c axis of the bilayer. Top and bottom-layer W atoms are colored red and blue, respectively, while the yellow spheres
are S atoms. Circled region shows a pair of W atoms with perfect vertical registry. Parallelogram is an approximate outline of the supercell. (c)
Correlation of pair spacing in the ab plane and along the ¢ axis for nearest-neighbor W atoms (see text for further details).

WS, sheets in a bilayer. In the extreme case of no coupling,
the bilayer is effectively two freestanding monolayers, and
the normalized J(p,) profile is identical to a monolayer.
Hence, any contamination present in the interlayer region
would tend to decrease the fractional AJ(p,) values. Our
DFT simulations, however, assumed that the interlayer region
was contamination-free, thereby giving fractional AJ(p,)
values larger than experiment.

IV. CONCLUSIONS

Electron Compton scattering in the TEM is used to an-
alyze interlayer coupling in single flakes of WS,, with the

advantage of TEM over other techniques being its high spatial
resolution and scattering cross section, as well as accessibility
of complementary structural and chemical information about
the sample. Compton J(p,) data indicated that compared to a
monolayer, the electrons were more localized in a 18° twisted
bilayer. Further DFT analysis showed that the localization
was due to charge buildup in the interlayer region, in partic-
ular at high-energy sites consisting of vertically overlapping
tungsten atoms. The excess energy of these “wrong bonds” is
reduced by the charge screening, as well as a local dilation of
the interlayer spacing. The optical, vibrational, and electrical
properties of TMD bilayers are known to be sensitive to the
twist angle. Our work uncovers the detailed nature of the
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interlayer coupling mechanism, and is a valuable benchmark
for further studies on other TMD systems.

Raw data for this work are published in the Durham Uni-
versity research data repository [51].
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