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Ferroelectric van der Waals heterostructures provide a natural platform to design a variety of electrically
controllable devices. In this work, we demonstrate that AB bilayer graphene encapsulated in MoTe; acts
as a valley valve that displays a switchable built-in topological gap, leading to ferroelectrically driven topo-
logical channels. Using a combination of ab initio calculations and low energy models, we show that the
ferroelectric order of MoTe; allows the control of the gap opening in bilayer graphene and leads to topo-
logical channels between different ferroelectric domains. Moreover, we analyze the effect that the moiré
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modulation between MoTe, and graphene layers has in the topological modes, demonstrating that the
edge states are robust against moiré modulations of the ferroelectrically-induced electric potential. Our
results put forward ferroelectric/graphene heterostructures as versatile platforms to engineer switchable

rsc.li/nanoscale built-in topological channels without requiring an external electric bias.
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1 Introduction

Layered van der Waals compounds have become a fertile plat-
form to engineer materials with emergent functionalities,
ranging from fundamental quantum states®>* to nanoelectro-
nic devices including field effect transistors®” and valves.®°
The weak van der Waals bonding between layers allows to
combine different monolayers with lattice constants, and to
impose a rotation between the materials. This flexibility
permits to use 2D building blocks with different symmetry-
breaking orders: ferromagnets,"’ " superconductors,'® ferro-
electrics'” or multiferroics;'®'® that can be wisely merged to
create  heterostructures with  promising applications.
Paradigmatic examples of such combinations of different elec-
tronic orders are graphene/ferromagnet heterostructures rea-
lizing van der Waals tunnel junctions and valley
polarization,?** graphene/semiconductor heterostructures
leading to strong spin-orbit coupling effects,>*** ferromagnet/
superconductor  heterostructures  realizing  topological
superconductivity,”®*” ferromagnet/semiconductor providing
controllable excitons,”®*® magnet/metal realizing heavy-
fermion states,*>*' and ferroelectric/twisted bilayers realizing
ferroelectrically switchable superconductivity.*> In particular,
2D ferroelectrics®*** provide versatile building blocks to
design valves that allow controlling the electronic properties of
van der Waals heterostructures.**>*>~”

Graphene multilayers provide a flexible family of hetero-
structures to realize correlated, superconducting, and topologi-
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cal states.>®*? In the particular case of AB-stacking bilayer gra-

phene, an electric bias between the layers opens an energy
gap, leading to an electrically-tunable gap semiconductor,**™*”
and to a superconducting state in the slightly doped regime.*®
At half-filling, the valleys at K and K’ carry a momentum-space
Berry curvature with opposite sign due to the broken inversion
symmetry that occurs in this gapped system, thus displaying a
valley Hall insulator behavior.**>> This phenomenon has been
exploited to create topological edge modes in the junction
between oppositely gated regions and also in AB-BA stacking
domain walls.” In the absence of valley mixing, these chiral
modes are topologically protected against back-scattering and
present a ballistic transport.*>> While such phenomena have
been induced by an external bias, ferroelectric-based van der
Waals heterostructures would lead to intrinsically persistent
topological channels driven by the ferroelectric order. The
control on the ferroelectric domains of the Valley Hall valve
realized in such heterostructure would allow generating and
tuning topological excitations. Therefore, it would provide a
promising platform to print circuits displaying ballistic
behavior.

In this work, we demonstrate, using a combination of
ab initio calculations and low-energy models, the emergence of
a valley valve in MoTe,/bilayer graphene/MoTe, van der Waals
heterostructures. The ferroelectric order of MoTe, gives rise to
a built-in electrostatic bias in bilayer graphene, controllable by
the orientation between the two MoTe, layers. In particular,
the relative orientation of the ferroelectric order in MoTe,
allows switching on and off the electronic gap of bilayer gra-
phene and controlling its topological gap. In the insulating
regime, topological states emerge in the boundary between
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Fig. 1 (a and b) Structures of AB bilayer graphene encapsulated in ferroelectric MoTe, used in DFT calculations. In configuration (a), the ferroelec-

tric order in MoTe; leads to a net zero electric field in the graphene bilayer, while in configuration (b) the ferroelectric proximity of the encapsulation

leads to a non-zero electric field. The red arrows show the direction of

the ferroelectric polarization in each of the MoTe; layers. C, Mo, and Te

atoms are depicted in brown, blue, and green respectively. (c and d) Band structure calculations for the structures that are shown in panels (a) and

(b) respectively. In panel (c) no energy gap opens as the net electric field

is zero, while in panel (d) an energy gap opens up due to the net electric

field induced in the graphene bilayer. Panels (e) and (f) show the zoomed areas near the Fermi level depicted as rectangles in panels (c) and (d)

respectively.

opposite ferroelectric domains. We analyze the effect of the
moiré modulation in the interlayer potential driven by the mis-
match and potential twist between graphene and MoTe,. Our
results show that MoTe,/graphene heterostructures realize
robust valley topological modes in the presence of moiré
modulations, thus putting forward a promising platform to
obtain a ferroelectric valley valve with electrically-controlled
topological excitations.

2 Results and discussion

We start demonstrating using ab initio first principles methods
that bilayer graphene encapsulated in MoTe, displays a con-
trolled gap driven by the ferroelectric order. Then, we will
analyze with a low energy model the emergence of topological
excitations in the boundary between two ferroelectric domains
and their robustness against the moiré modulations induced
by the mismatch between MoTe, and graphene.

2.1 Ab initio calculations

MoTe, shows a ferroelectric order with an out-of-plane electric
polarization in the distorted d1T phase, which has been
proven to be stable in MoTe,/graphene heterostructures.”” We
will exploit these properties to create a van der Waals hetero-
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structure in which an electrically-controlled valley valve
emerges. Our heterostructure consist of monolayer MoTe,,
Bernal-stacked AB graphene, and monolayer MoTe, as shown
in Fig. 1a and b. Fig. 1a and b show the two possible configur-
ations of the ferroelectric heterostructure that determine the
valve. In the first configuration, the electric polarization of
each of the MoTe, layers can be oriented in opposite direction
leading to a zero electric field £ = 0 in the heterostructure
(Fig. 1a). In the second configuration, the electric polarizations
of the MoTe, layers point in the same direction producing a
non-zero electric field E # 0 in the heterostructure that can be
felt by the graphene bilayer (Fig. 1b).

We now analyze the electronic structure of both configur-
ations using first-principles density functional theory (DFT).>®
To create a computationally affordable heterostructure, we
have commensurated this lattice parameter a with a 3 x 3
supercell for graphene and fix a = 7.38 A.f DFT calculations
are performed with Quantum ESPRESSO.>’”® These calcu-
lations were converged concerning all parameters in a 12 x 12
k-mesh and introducing a vacuum of 20 A in the z-direction to

fAn alternative ratio between the lattice parameters of pristine graphene and
MoTe, would be 5 x 5 supercells of graphene embedded in 2 x 2 supercells of
MoTe,. We analyze in the next section the effect that such 5 x 5 modulation
creates in the electronic properties of the heterostructure.

This journal is © The Royal Society of Chemistry 2023
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ensure that there is not interaction of the heterostructure with
neighboring unit cells in the z-direction.

Fig. 1c and d show the corresponding band structures for
both configurations of the heterostructure (Fig. 1a and b
respectively). We can see in Fig. 1c, corresponding to the con-
figuration with E = 0, that the electronic structure of the gra-
phene bilayer remains gapless. This can be better seen in
Fig. 1e which corresponds to a zoom of the rectangular area in
Fig. 1c. Nevertheless, the band structure for the configuration
with E # 0 displays a different behavior. We can see in Fig. 1d
that an energy gap opens at the Fermi level as a consequence
of the ferroelectric-induced field in the z-direction felt by the
graphene bilayers. In the zoomed band structure (Fig. 1f) we
can observe more clearly the induced gap, which takes a value
Ag ~ 15 meV. We note that in this structure no external field is
applied, and the opening stems solely from the proximity
effect of the ferroelectric. From the DFT calculations, we have
also obtained that the size of the electric dipole in the gapped
heterostructure is p = 0.4 Debye, which leads to an electric bias
AV =22 mV between the graphene layers. Note that this bias is
two or three orders of magnitude smaller than the one exter-
nally applied in AB bilayer graphene devices to obtain the
same insulating behavior.**** In those devices a large screen-
ing of the electric voltage occurs in comparison to the bilayer
graphene encapsulated in MoTe,, where the ferroelectric
directly gates the bilayer without screening.

To demonstrate the topological nature of the gap in the
insulating configuration, we have computed the wavefunction
probability density of the highest occupied and the lowest
unoccupied orbitals (see Fig. 2a and b and the insets to ident-
ify the corresponding wavefunctions). The wavefunctions of
the highest occupied orbital are localized in the carbon atoms
of the top graphene layer that do not lie on top of the carbon
atoms of the other layer in the AB stacking (Fig. 2a). In the
case of the lowest unoccupied orbital the wavefunctions are
localized in the carbon atoms of the bottom graphene layer
that, again, are not aligned with the carbon atoms of the top
layer in the AB stacking (Fig. 2b). This feature demonstrates
that the gap opening stems from an electrostatic imbalance
between the two graphene layers, and not from intervalley scat-
tering in the 3 x 3 supercell, equivalent to the effect of an
externally applied bias.”’

2.2 Low-energy model

We now analyze the emergence of topological excitations in
the domain walls that can be created in this ferroelectric
heterostructure. To do so, we will effectively describe the
bilayer graphene encapsulated in MoTe, with a low-energy
model. The electronic structure of the heterostructure around
the Fermi level can be described with a tight-binding
Hamiltonian for AB bilayer graphene, where the effect of the
ferroelectric is incorporated through its layer-dependent
electrostatic potential.

H=:Ydg+u> vl g+ES g c, (1)
i i i

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Wavefunction probability density (yellow isosurface) of the
highest occupied orbital (a) and the lowest unoccupied orbital (b) for
the gapped configuration (Fig. 1b) at the y point, demonstrating the
valley Hall insulating behavior. C, Mo, and Te atoms are depicted in
brown, blue, and green respectively. The insets show as red dots in the
band structure the chosen wavefunctions to be plotted. Wavefunctions
of the highest occupied orbital (a) (lowest unoccupied orbital (b)) are
localized in the C atoms of the top (bottom) layer of graphene, in the
carbon atoms that do not sit on top of another carbon atom in the
z-direction.

where t is the first neighbour intralayer hopping, ¢ is the inter-
layer hopping, and i and j run over the atomic positions. The
term v;; takes value v; = 1 for i, j belonging to different layers
and stacked right on top of each other, and v; = 0 otherwise.
The term pf; takes value g; = 1 for the top layer and p; = —1 for
the bottom layer. Finally, E is the electrostatic difference
between the two layers, which depends on the relative con-
figuration of the ferroelectrics. As a reference, the experimental
value of the hoppings for graphene bilayers are #; ~ 0.15¢,
corresponding to t = 3 eV and #; ~ 450 meV.>®

Fig. 3a shows the band structure for the low energy model
(eqn (1)) for E/t = 0, this situation corresponds to the hetero-
structure configuration shown in Fig. 1a, where the net
internal interlayer bias induced by the MoTe, is zero. We can
observe that in the absence of an electric field there is no
energy gap, in agreement with the DFT band structure
(Fig. 1e). Fig. 3b shows the low energy-model band structure
for E/t = 0.1, this situation corresponds to the heterostructure
configuration shown Fig. 1b. In this case, the induced internal
interlayer bias in bilayer graphene is non-zero and a gap opens
as in Fig. 1f. The local density of states for E/t = 0.1 is plotted
in Fig. 3c. We can see that the top of the valence band LDOS
localizes in the top-layer C atom that does not align with the
carbon from the bottom layer. For the bottom of the conduc-
tion band LDOS, it localizes in the bottom-layer C atom that
does not align with the carbon of the top layer. This result is
in agreement with the DFT wavefunction probability density
plots shown in Fig. 2, thus confirming the valley Hall insulat-
ing character of bilayer graphene encapsulated in MoTe,.

Now that we have demonstrated that the low energy model
provides a good description of the DFT calculations that we

Nanoscale, 2023,15, 2181-2187 | 2183
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Fig. 3 Low energy model electronic structure of AB bilayer graphene
under the absence/presence of an electrostatic bias between layers (eqn
(1)) (a) Band structure int he absence of interlayer bias (E/t = 0), corres-
ponding to the heterostructure configuration of Fig. 1la. (b) Band struc-
ture in the presence of a finite interlayer bias (E/t = 0.1), corresponding
to the heterostructure configuration of Fig. 1b. The Berry curvature has
also been plotted in the bands. (c) Local density of states (LDOS) for E/t
= 0.1 at the top of the valence band and at the bottom of the conduc-
tion band. (d) Schematic of a boundary between different ferroelectric
domains (highlighted in red and blue). Both domains display the valley
Hall insulating configuration (Fig. 1b), but the electric fields of each
domain point in the opposite direction. The domains are semi-infinite in
the x direction. The domain wall occurs at x = 0. In the y direction the
lattice is periodic. (e and f) Momentum resolved spectral function A(w,
k,) for the bulk domains (e) and for the domain wall (f).

have performed in the heterostructure, we can analyze with it
the topological excitations that can emerge. The Berry curva-
ture associated with the energy bands for the insulating case is
shown in Fig. 3b. It is observed that the Berry curvature is loca-
lized in the K and K’ points, which allows defining a valley
Chern number Cx and Cy . In the biased bilayer, each valley
leads to a Chern number Cxx = +1, leading to a net valley

2184 | Nanoscale, 2023, 15, 2181-2187
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Chern number Cy = Cx — Cx = +2. The existence of a finite
valley Chern number gives rise to valley polarized gapless edge
modes at the interface between two insulating domains with
opposite valley Chern numbers. Fig. 3d shows a schematic of a
domain wall between two domains (red and blue) in which the
electric field E felt by the bilayer has the opposite direction.
This corresponds to a situation in which the electric polariz-
ation of MoTe, layers induces a finite electric field in bilayer
graphene, but in each of the domains this field takes the oppo-
site direction. Therefore, the valley Chern numbers take an
opposite sign in each of the domains at K and K'. The emer-
gence of interface states is determined by the difference
between the corresponding valley Chern numbers at K and K’
between red and blue domains. Fig. 3e and f show the momen-
tum resolved spectral function A(w, k) for the domain system
described in Fig. 3d. We can see that the bulk of both domains
remains gapped (Fig. 3e), but at the domain wall (Fig. 3f) two
zero-energy modes emerge as a consequence of the opposite
sign that the valley Chern numbers display in each domain.*’
Interestingly, externally controlling ferroelectric domains
allows directly imprinting topological excitations in the hetero-
structure. Ultimately, the control of the ferroelectric domains
allows to use this feature to imprint topological circuits with a
ballistic transport behavior in graphene/MoTe, hetero-
structures without requiring to externally apply a bias.

Finally, we discuss the impact of the moiré modulation that
emerges due to the mismatch and rotation between bilayer gra-
phene and MoTe,. Such a moiré modulation arises naturally as
a consequence of the lattice-parameter mismatch between
MoTe, and graphene, and it can be controlled by adjusting the
twist angle between the layers of both van der Waals materials.
The effect of the moiré modulation can be directly accounted
for in the low energy model (eqn (1)), by including a spatially
dependent electrostatic potential of the form

Hy = Ze(r,-)ﬁ,»cjc,», (2)

i

where ¢(r;) =€) cos

a
lattice vectors of the moiré unit cell (the summation runs over
the 3b, vectors related by C; symmetry). The parameter C, is
taken so that (¢(r;)) = 0. The product b,r; equals 2r when r
takes the value of the bilayer graphene lattice vectors, and n is
an integer that commensurates the moiré length L, with the
original lattice parameter of graphene ac as Ly = nac.
Therefore, eqn (2) allows to include a modulated electrostatic
potential as the one shown in Fig. 4a in each of the graphene
layers. For concreteness, we will analyze the case Ly = 5ac,
which corresponds to a 5 x 5 supercell for graphene,f with a
well approximated commensurability (less than 1% difference)
with MoTe,. The strength of the modulation is given by . We
will analyze a moderate modulation of the electric bias ¢/E =

b, -r; . .
(Trl> + Cy, with b, the reciprocal

{We have checked that the phenomenology presented here is robust against
other modulations different from the 5 x 5.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Calculations including a moiré potential (eqn (2)) in the low energy model of eqn (1) for E/t = 0.1. (a) Induced moiré potential by the MoTe,
in each of the graphene layers. A moiré unit cell emerges on top of the original bilayer graphene unit cell. (b and ¢) Unfolded momentum resolved
spectral functions for ¢/E = 0.25 (b) and ¢/E = 1.0 (c). (d—g) Calculations at the interface between the two ferroelectric domains shown in Fig. 3d,
they include the effect of the moiré potential. (d and e) Momentum resolved spectral function for: (d) e/E = 0.25 and (e) and ¢/E = 1.0. (f and g) Zero-
energy local density of states (LDOS) for: (f) ¢/E = 0.25 and (g) and ¢/E = 1.0.

0.25, and the limit case where the modulation amplitude
equals the electric bias ¢/E = 1.0.

Fig. 4b and c show the unfolded momentum resolved spec-
tral functions for ¢/E = 0.25 (Fig. 4b) and ¢/E = 1.0 (Fig. 4c) in
the original bilayer graphene unit cell. We can observe the
emergence of band anti crossings most noticeable for the
strong modulated case (¢/E = 1.0). However, the energy gap
remains open and barely affected by the moiré modulation.
Therefore, we might expect that the valley Hall insulating be-
havior is robust against possible moiré modulations that
might appear between graphene and MoTe, layers. To confirm
this, Fig. 4d and e show the momentum resolved spectral func-
tion at the interface between the two ferroelectric domains
described in Fig. 3d, this time including the effect of the
moiré potential for ¢/E = 0.25 (Fig. 4d) and ¢/E = 1.0 (Fig. 4e).
Note that in this case the bands have not been unfolded. We
can see that zero-energy modes emerge at the interface of the
domain walls even for the strongly modulated potential (¢/E =
1.0). The effect of the moiré potential in the zero-energy
modes can be further rationalized in real space, as shown in
Fig. 4f and g, where the zero-energy local density of states
(LDOS) is shown at the interface between the two ferroelectric
domains described in Fig. 3d. First, it is observed that the

This journal is © The Royal Society of Chemistry 2023

zero-energy modes localize at the domain wall, as expected
from their in-gap nature. Furthermore, for a strong moiré
modulation, (¢/E = 1.0, Fig. 4g) the interface modes show a
modulation in real space following the moiré potential.>”*° It
is worth noting that such a moire modulation does not lead to
intervalley scattering, as demonstrated by the gapless nature of
the spectral function of Fig. 4d. Therefore, these results
demonstrate that the valley Hall insulating character displayed
by the graphene-MoTe, heterostructure is robust against moiré
modulations between the ferroelectric and graphene layers,
meaning that a finite misalignment between the layers can
exist yielding to the same phenomenology, a feature that dra-
matically simplifies the design of these
heterostructures.

experimental

3 Conclusions

To summarize, we have demonstrated an emergent ferroelec-
trically-driven valley Hall insulating behavior in AB-stacking
bilayer graphene encapsulated in ferroelectric MoTe, using a
combination of ab initio calculations and low-energy models.
First-principles calculations show how the gap in bilayer gra-

Nanoscale, 2023,15, 2181-2187 | 2185
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phene can be opened and closed as a function of the orien-
tation between the two layers of MoTe,. For opposite ferroelec-
tric polarization between the MoTe, encapsulation, the net
effective field felt by bilayer graphene is zero and hence the
system remains gapless. When the electric polarizations of
both MoTe, layers point in the same direction, a non-zero elec-
tric field is induced in graphene bilayer, thus producing a
valley Hall insulating behavior. Furthermore, we demonstrated
that moiré modulations of the electrostatic bias created by the
ferroelectric do not impact the valley Hall insulating character
of the heterostructure, and topological modes are robust to it.
Our results put forward ferroelectric/graphene heterostructures
as versatile valves with a built-in electrostatically controlled
topological electronic structure. Ultimately, the built-in electric
fields of these heterostructures would allow creating a wide
variety of permanent electrically defined quantum dots archi-
tectures and biased twisted graphene multilayers, without
requiring the application of external biases.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We acknowledge the computational resources provided by the
Aalto Science-IT project, and the financial support from the
Academy of Finland Projects No. 331342, No. 336243 and No.
349696 and the Jane and Aatos Erkko Foundation. We
thank. P. Liljeroth, M. Amini and S. Kezilebieke for useful
discussions.

References

1 A. K. Geim and 1. V. Grigorieva, Nature, 2013, 499, 419-425.

2 A. Abouelkomsan, Z. Liu and E. ]J. Bergholtz, Phys. Rev.
Lett., 2020, 124, 106803.

3 C. Repellin and T. Senthil, Phys. Rev. Res., 2020, 2, 023238.

4 Y. Xie, A. T. Pierce, J. M. Park, D. E. Parker, E. Khalaf,
P. Ledwith, Y. Cao, S. H. Lee, S. Chen, P. R. Forrester,
K. Watanabe, T. Taniguchi, A. Vishwanath, P. Jarillo-
Herrero and A. Yacoby, Nature, 2021, 600, 439-443.

5 S. Das, H.-Y. Chen, A. V. Penumatcha and J. Appenzeller,
Nano Lett., 2012, 13, 100-105.

6 Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman and
M. S. Strano, Nat. Nanotechnol., 2012, 7, 699-712.

7 H.S. Lee, S. S. Baik, K. Lee, S.-W. Min, P. ]. Jeon, J. S. Kim,
K. Choi, H. J. Choi, J. H. Kim and S. Im, ACS Nano, 2015, 9,
8312-8320.

8 G. Chen, S. Qi, J. Liu, D. Chen, J. Wang, S. Yan, Y. Zhang,
S. Cao, M. Lu, S. Tian, K. Chen, P. Yu, Z. Liu, X. C. Xie,
J. Xiao, R. Shindou and J.-H. Chen, Nat. Commun., 2021,
12, 6279.

2186 | Nanoscale, 2023, 15, 2181-2187

View Article Online

Nanoscale

9 H. Lin, F. Yan, C. Hu, Q. Lv, W. Zhu, Z. Wang, Z. Wei,
K. Chang and K. Wang, ACS Appl. Mater. Interfaces, 2020,
12, 43921-43926.

10 C. Cardoso, D. Soriano, N. A. Garcia-Martinez and
J. Fernandez-Rossier, Phys. Rev. Lett., 2018, 121, 067701.

11 J.-U. Lee, S. Lee, J. H. Ryoo, S. Kang, T. Y. Kim, P. Kim,
C.-H. Park, J.-G. Park and H. Cheong, Nano Lett., 2016, 16,
7433-7438.

12 B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein,
R. Cheng, K. L. Seyler, D. Zhong, E. Schmidgall,
M. A. McGuire, D. H. Cobden, W. Yao, D. Xiao, P. Jarillo-
Herrero and X. Xu, Nature, 2017, 546, 270-273.

13 C. Gong, L. Li, Z. Li, H. Ji, A. Stern, Y. Xia, T. Cao, W. Bao,
C. Wang, Y. Wang, Z. Q. Qiu, R. J. Cava, S. G. Louie, J. Xia
and X. Zhang, Nature, 2017, 546, 265-269.

14 Z. Fei, B. Huang, P. Malinowski, W. Wang, T. Song,
J. Sanchez, W. Yao, D. Xiao, X. Zhu, A. F. May, W. Wu,
D. H. Cobden, J.-H. Chu and X. Xu, Nat. Mater., 2018, 17,
778-782.

15 Z. Zhang, J. Shang, C. Jiang, A. Rasmita, W. Gao and T. Yu,
Nano Lett., 2019, 19, 3138-3142.

16 M. M. Ugeda, A. ]J. Bradley, Y. Zhang, S. Onishi, Y. Chen,
W. Ruan, C. Ojeda-Aristizabal, H. Ryu, M. T. Edmonds,
H.-Z. Tsai, et al., Nat. Phys., 2015, 12, 92-97.

17 S. Yuan, X. Luo, H. L. Chan, C. Xiao, Y. Dai, M. Xie and
J. Hao, Nat. Commun., 2019, 10, 1775.

18 Q. Song, C. A. Occhialini, E. Ergecen, B. Ilyas, D. Amoroso,
P. Barone, J. Kapeghian, K. Watanabe, T. Taniguchi,
A. S. Botana, S. Picozzi, N. Gedik and R. Comin, Nature,
2022, 602, 601-605.

19 A. O. Fumega and ]J. L. Lado, 2D Mater., 2022, 9, 025010.

20 D. R. Klein, D. MacNeill, J. L. Lado, D. Soriano, E. Navarro-
Moratalla, K. Watanabe, T. Taniguchi, S. Manni,
P. Canfield, J. Fernandez-Rossier and P. Jarillo-Herrero,
Science, 2018, 360, 1218-1222.

21 S. Jiang, L. Li, Z. Wang, J. Shan and K. F. Mak, Nat.
Electron., 2019, 2, 159-163.

22 B. Zhou, S. Ji, Z. Tian, W. Cheng, X. Wang and W. Mi,
Carbon, 2018, 132, 25-31.

23 S. Qj, J. Jiang, X. Wang and W. Mi, Carbon, 2021, 174, 540-555.

24 S. Singh, C. Espejo and A. H. Romero, Phys. Rev. B:
Condens. Matter Mater. Phys., 2018, 98, 155309.

25 T. Naimer, K. Zollner, M. Gmitra and ]. Fabian, Phys. Rev.
B: Condens. Matter Mater. Phys., 2021, 104, 195156.

26 S. Kezilebieke, M. N. Huda, V. Vano, M. Aapro,
S. C. Ganguli, O. ]. Silveira, S. Glodzik, A. S. Foster,
T. Ojanen and P. Liljeroth, Nature, 2020, 588, 424-428.

27 S. Kezilebieke, V. Vano, M. N. Huda, M. Aapro,
S. C. Ganguli, P. Liljeroth and J. L. Lado, Nano Lett., 2022,
22, 328-333.

28 L. Ciorciaro, M. Kroner, K. Watanabe, T. Taniguchi and
A. Imamoglu, Phys. Rev. Lett., 2020, 124, 197401.

29 T. P. Lyons, D. Gillard, A. Molina-Sanchez, A. Misra,
F. Withers, P. S. Keatley, A. Kozikov, T. Taniguchi,
K. Watanabe, K. S. Novoselov, J. Fernandez-Rossier and
A. 1. Tartakovskii, Nat. Commun., 2020, 11, 6021.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr05185k

Open Access Article. Published on 31 December 2022. Downloaded on 1/20/2026 7:40:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

V. Vano, M. Amini, S. C. Ganguli, G. Chen, J. L. Lado,
S. Kezilebieke and P. Liljeroth, Nature, 2021, 599, 582-586.
W. Wan, R. Harsh, A. Meninno, P. Dreher, S. Sajan,
I. Errea, F. de Juan and M. M. Ugeda, arXiv e-prints, 2022,
arXiv:2207.00096.

D. R. Klein, L.-Q. Xia, D. MacNeill, K. Watanabe,
T. Taniguchi and P. Jarillo-Herrero, arXiv e-prints, 2022,
arXiv:2205.04458.

M. V. Stern, Y. Waschitz, W. Cao, I. Nevo, K. Watanabe,
T. Taniguchi, E. Sela, M. Urbakh, O. Hod and
M. B. Shalom, Science, 2021, 372, 1462-1466.

F. Xue, J.-H. He and X. Zhang, Appl. Phys. Rev., 2021, 8,
021316.

A. Marrazzo and M. Gibertini, npj 2D Mater. Appl., 2022,
6, 33.

M. Si, A. K. Saha, S. Gao, G. Qiu, J. Qin, Y. Duan, J. Jian,
C. Niu, H. Wang, W. Wu, S. K. Gupta and P. D. Ye, Nat.
Electron., 2019, 2, 580-586.

Y. Chen, X. Wang, L. Huang, X. Wang, W. Jiang, Z. Wang,
P. Wang, B. Wu, T. Lin, H. Shen, Z. Wei, W. Hu, X. Meng,
J. Chu and J. Wang, Nat. Commun., 2021, 12, 4030.

Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken,
J. Y. Luo, J. D. Sanchez-Yamagishi, K. Watanabe,
T. Taniguchi, E. Kaxiras, R. C. Ashoori and P. Jarillo-
Herrero, Nature, 2018, 556, 80-84.

Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi,
E. Kaxiras and P. Jarillo-Herrero, Nature, 2018, 556, 43-50.
A. L. Sharpe, E. J. Fox, A. W. Barnard, J. Finney,
K. Watanabe, T. Taniguchi, M. A. Kastner and
D. Goldhaber-Gordon, Science, 2019, 365, 605-608.

M. Serlin, C. L. Tschirhart, H. Polshyn, Y. Zhang, J. Zhu,
K. Watanabe, T. Taniguchi, L. Balents and A. F. Young,
Science, 2020, 367, 900-903.

Y. Choi, H. Kim, Y. Peng, A. Thomson, C. Lewandowski,
R. Polski, Y. Zhang, H. S. Arora, K. Watanabe, T. Taniguchi,
J. Alicea and S. Nadj-Perge, Nature, 2021, 589, 536-541.

E. V. Castro, K. S. Novoselov, S. V. Morozov, N. M. R. Peres,
J- M. B. L. dos Santos, ]J. Nilsson, F. Guinea, A. K. Geim and
A. H. C. Neto, Phys. Rev. Lett., 2007, 99, 216802.

J. B. Oostinga, H. B. Heersche, X. Liu, A. F. Morpurgo and
L. M. K. Vandersypen, Nat. Mater., 2008, 7, 151-157.

This journal is © The Royal Society of Chemistry 2023

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

View Article Online

Paper

Y. Zhang, T.-T. Tang, C. Girit, Z. Hao, M. C. Martin, A. Zettl,
M. F. Crommie, Y. R. Shen and F. Wang, Nature, 2009, 459,
820-823.

F. Xia, D. B. Farmer, Y. Lin and P. Avouris, Nano Lett., 2010,
10, 715-718.

M. Eich, F. c¢. v. Herman, R. Pisoni, H. Overweg,
A. Kurzmann, Y. Lee, P. Rickhaus, K. Watanabe,
T. Taniguchi, M. Sigrist, T. Thn and K. Ensslin, Phys. Rev. X,
2018, 8, 031023.

H. Zhou, L. Holleis, Y. Saito, L. Cohen, W. Huynh,
C. L. Patterson, F. Yang, T. Taniguchi, K. Watanabe and
A. F. Young, Science, 2022, 375, 774-778.

I. Martin, Y. M. Blanter and A. F. Morpurgo, Phys. Rev. Lett.,
2008, 100, 036804.

L. Ju, Z. Shi, N. Nair, Y. Lv, C. Jin, J. Velasco, C. Ojeda-
Aristizabal, H. A. Bechtel, M. C. Martin, A. Zettl, ]J. Analytis
and F. Wang, Nature, 2015, 520, 650-655.

F. Zhang, A. H. MacDonald and E. J. Mele, Proc. Natl. Acad.
Sci. U. S. A., 2013, 110, 10546-10551.

A. Vaezi, Y. Liang, D. H. Ngai, L. Yang and E.-A. Kim, Phys.
Rev. X, 2013, 3, 021018.

Z. Qiao, J. Jung, Q. Niu and A. H. MacDonald, Nano Lett.,
2011, 11, 3453-3459.

J. Li, K. Wang, K. J. McFaul, Z. Zern, Y. Ren, K. Watanabe,
T. Taniguchi, Z. Qiao and J. Zhu, Nat. Nanotechnol., 2016,
11, 1060-1065.

P. Rickhaus, J. Wallbank, S. Slizovskiy, R. Pisoni,
H. Overweg, Y. Lee, M. Eich, M.-H. Liu, K. Watanabe,
T. Taniguchi, T. Thn and K. Ensslin, Nano Lett., 2018, 18,
6725-6730.

P. Hohenberg and W. Kohn, Phys. Rev., 1964, 136, B864-
B871.

P. Giannozzi, et al, J. Phys.: Condens. Matter, 2009, 21,
395502.

P. Giannozzi, et al, J. Phys.: Condens. Matter, 2017, 29,
465901.

A. H. Castro Neto, F. Guinea, N. M. R. Peres,
K. S. Novoselov and A. K. Geim, Rev. Mod. Phys., 2009, 81,
109-162.

M. Khosravian and J. L. Lado, Phys. Rev. Mater., 2022, 6,
094010.

Nanoscale, 2023,15, 2181-2187 | 2187


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr05185k

	Button 1: 


