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Twisted Type-ll Rashba Homobilayers: A Platform for

Tunable Topological Moiré Flat Bands

Xilong Xu, Haonan Wang, and Li Yang*

The recent discovery of topological flat bands in twisted transition metal
dichalcogenide homobilayers and multilayer graphene has sparked significant
research interest. Here, a new platform for realizing tunable topological moiré
flat bands: twisted type-1l Rashba homobilayers, is proposed. By maintaining
centrosymmetry, the interplay between Rashba spin-orbit coupling and
interlayer interactions generates an effective pseudo-antiferromagnetic field,
opening a gap within the Dirac cone with non-zero Berry curvature. Using
twisted BiTel bilayers as an example, it is predicted that the emergence of flat
topological bands with a remarkably narrow bandwidth (below 20 meV).
Notably, the system undergoes a transition from a valley Hall insulator to a
quantum spin Hall insulator as the twisting angle increases. This transition
arises from a competition between the twisting-driven effective spin-orbit
coupling and sublattice onsite energies presented in type-1l Rashba moiré

been theoretically predicted,[?°! and

integer QAH states as well as quantum
spin Hall (QSH) states have also been
observed at integer filling factors.!'”]
Hence discovering new structures har-
boring topological flat bands is crucial
for realizing and understanding topolog-
ical physics in many-electron systems.

The Rashba effect, generally existing in
materials with strong spin-orbit coupling
(SOC) and broken inversion symmetry, is
capable of creating spin-polarized electron
states in the absence of external magnetic
fields.[?’-3% This effect is characterized by a
broken spin degeneracy, leading to quasi-
particle bands with opposite spin textures

structures. The high tunability of Rashba materials in terms of the spin-orbit
coupling strength, interlayer interaction, and twisting angle expands the range
of materials suitable for functionalizing and manipulating correlated

topological properties.

1. Introduction

The interplay between electronic topology and correlation gives
rise to numerous exotic quantum phases,['%! such as the frac-
tional quantum Hall (FQH) states in Landau levels.”"'2] Re-
cently, fractional quantum anomalous Hall (QAH) effect in
the absence of Landau levels has been observed in moiré sys-
tems such as twisted bilayer MoTe, (tMoTe,) and multilayer
graphene/hexagonal boron nitride moiré superlattices, spurring
tremendous research interest.['3-2!] In these systems, topological
moiré flat bands play an essential role in harboring correlation-
driven fractional states.?>?*] For example, in rhombohedral-
stacked MoTe, moiré bilayers, the Kane-Mele flat bands have
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that are momentum offset.3132] The re-
markable tunability of the Rashba effect
has enabled the observation of various well-
known phenomena including the QAH
effect, spin Hall effect, spin-charge con-
version, and spin-torque in semiconduc-
tor devices.[?’31733] Particularly, the Rashba-
like bands are considered as a Dirac-cone
surrounded by metallic states, indicating its promising poten-
tial for realizing topological states. However, its small effective
mass and accompanying metallic state make it challenging to iso-
late those nontrivial bands and be measured via transport exper-
iments to realize decisive topological properties.

In this study, we propose the twisted type-II Rashba struc-
ture as a promising platform for realizing and controlling flat
bands with rich topological phases. Unlike conventional non-
centrosymmetric Rashba materials, the type-II Rashba structure
is centrosymmetric, which can be achieved by stacking two oppo-
sitely polarized layers. The combination of Rashba SOC and in-
terlayer hopping creates a pseudo-antiferromagnetic field, which
preserves time-reversal symmetry but induces an energy gap in
the Dirac cone with nonvanishing Berry curvature. When the bi-
layer structure is further twisted, we find the topological Z, flat
bands as well as QSH insulating states. Such QSH states fea-
ture the Kane-Mele model with an effective SOC induced by the
moiré pseudo-Zeeman potential. A particularly intriguing obser-
vation is that the system undergoes a topological phase transition
from the valley Hall (VH) phase to the QSH phase as the twist an-
gle increases to 3.3°. This transition arises from the competition
between the sublattice energy difference and the effective SOC.
Given the tunability of the Rashba intensity, interlayer interac-
tion, and twist angle, our work highlights the potential of Rashba
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Figure 1. a) Schematic of type-Il Rashba band structure and spin textures. b) Bands of a type-Il Rashba bilayer with different interlayer couplings. The
inset is the calculated berry curvature of the lowest-energy band around the I point. c) Crystal structures of monolayer BiTel. d,e) Band structures of
monolayer BiTel and that of type-Il Rashba bilayer. f) Top view of twisted bilayer BiTel.

materials as a new family of material platforms for realizing and
manipulating topological properties.

2. Result
2.1. Type-Il Rashba Effect

Rashba effects are characterized by the two parabolic bands cross-
ing over with spin polarizations in a helical texture, where the
spin is oriented perpendicularly to the polar direction, as shown
in the left panel of Figure 1a. The Rashba effect widely exists in
materials with broken inversion symmetry. Interestingly, a newly
proposed Rashba effect can also exist in centrosymmetric materi-
als by stacking two identical layers with antiparallel polarization
directions, which is referred to as the type-II Rashba effect (the
right panel of Figure 1a).323+3] To date various type-11 Rashba
materials have been successfully fabricated, and they are consid-
ered as a key ingredient in the next generation of spin field-effect
transistors.3*3¢37] To capture the features of a type-11 Rashba bi-
layer structure, a minimized Hamiltonian can be written as (see
Text S1, Supporting Information)

n2k?
H (k) = mr CO + aRCz (kxsy - kysx) + aleSO
% + ag (kxsy - kysx) a5,
=1 ne M
s, — —ag (ks, —ks,)
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where ¢ and s are Pauli matrices that represent the layer pseu-
dospins and spins, respectively. The off-diagonal block matrices
stand for interlayer hopping. m* and a denote the effective mass
and Rashba SOC strength, respectively, and «, is the strength
of interlayer hopping. Because the interlayer hopping conserves
spin, this Hamiltonian preserves the time-reversal symmetry, sat-
isfying TH(k) T"' = H(- k), where T = i{,s K and K denotes
the complex conjugation operator. Moreover, it also preserves the
inversion symmetry PH(k) P~' = H(— k), where P= {_s,. As
a result, all bands exhibit double degeneracy in type-II Rashba
materials, and the Berry curvature for the Kramers’ degenerate
pairs is vanishing. However, the Berry curvature for each band in
the Kramers’ pairs would remain nonzero. To see this, a unitary
transformation, U = —= (&5, — if,s,), can be performed on the

V2

Hamiltonian, leading to

21,2
h k* +, (aR(kxs

H,(k=UH(k) U =
2m

, —kys,) + as,) (2)
where the second term essentially describes two 2D massive
Dirac fermions. At k= 0, a bandgap with 2«; is induced by
the interlayer hopping term «,{,s, which can be regarded as a
pseudo-antiferromagnetic field, as illustrated in the right panel of
Figure 1a. Consequently, each band carries nonvanishing Berry
curvature with a Berry phase of z, and the in-plane Rashba spin
texture around the Dirac cone is switched in the out-of-plane
direction. Moreover, the Dirac-cone bandgap increases as the
interlayer hopping (a;) increases, as depicted in Figure 1b. It
is important to note that within a certain range of interlayer
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interaction strength, the bottom band becomes flat. This will help
the formation of flat bands in twisted structures, as will be dis-
cussed in the following.

2.2. Twisted Type-ll Rashba Homobilayer

The nonzero Berry curvature indicates the presence of topo-
logical states in type-II Rashba structures. However, these
states are concealed within the Kramers’ pairs due to the PT
symmetry. Furthermore, the existence of parabolic bands re-
sults in metallic states within the Dirac-cone bandgap, thereby
impeding the probing of topological states. To break the
combined PT symmetry and gap out these metallic states,
a weak periodic potential can be achieved by twisting the
type-II Rashba homobilayers. This motivates our search for
vdW materials with strong Rashba effects and interlayer
interactions.

BiTel is a layered vdW material with an out-of-plane polariza-
tion and a strong Rashba effect.?®% It has been fabricated and
exfoliated and exhibits a large bulk photovoltaic effect.=* As
shown in Figure 1c, its monolayer structure consists of triple
sublayers, similar to the T-phase of transition metal dichalco-
genides (TMDs). The band structure of monolayer BiTel is plot-
ted in Figure 1d. Notably, the bottom two conduction bands ex-
hibit a typical Rashba band splitting around the I' point, while
the top valence bands are more hybridized by different atomic
orbitals that obscure the feature of Rashba splitting. There-
fore, we mainly focus on the bottom two conduction bands
around the I" point in the following. These two conduction bands

can be described by H = % + ag(k,s, — k,s,) with an effective

mass m* = 0.49 m, and Rashba strength a, = 1.53 eV A, which
is similar with those typical Rashba materials, such as GeTe
(~2.5 eV A).[*] This significant Rashba effect is from the heavy-
element compositions as well as the strongly broken inversion
symmetry.

To construct the type-II Rashba structure, two oppositely po-
larized BiTel monolayers are stacked. Depending on the inter-
facial atoms, there are two basic types of interfaces: Te-Te and
I-I. We will discuss the I-I interface in the main manuscript,
which is shown in the inset of Figure le. The Te-Te interface
yields similar results, and the details are provided in the Sup-
plementary Information. The band structure of bilayer BiTel
is presented in Figure le. As expected, the Dirac cone is now
gapped due to interlayer hopping, forming a pair of parabolic-
like energy dispersions. Each band is doubly degenerate due
to the PT symmetry. This agrees well with our model Hamil-
tonian Equations (1) and (2) and Figure 1b. As we twist the
homobilayer BiTel at a commensurate small twist angle to
form moiré superlattices, the local interlayer atomic displace-
ment will go through a slow periodic modulation that allows
various local atomic stackings in the moiré unit cell. Because
of the three-fold rotational symmetry, there are three high-
symmetry stackings, i.e., AA, AB, and AC, in the moiré unit
cell. All three high-symmetry stackings feature a similar type-II
Rashba band structure but with different Dirac-cone gaps due to
their different interlayer interactions. (See Table S1, Supporting
Information)
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To capture the moiré modulations on interlayer interactions,
the effective moiré Hamiltonian of the four lowest-energy con-
duction bands can be written as:[2225:26]

n2k?
2m*

Hioir= (r, k) = ( +A (r)) +& (aR(kay - kysx) +ap (r) Sz) (3)

where the interlayer hopping now becomes as a periodic func-
tion and the term «,(r)¢ s, contributes to a pair of opposite Zee-
man moiré potentials. With the three-fold rotational symmetry,
a,(r) can be expanded as a; (r) = My + M; ¥, ;5 cos(G; - 1 + ),
87rsin(%)
\ﬁ“o
reciprocal lattice vectors, 8 and a, = 3.8 A denote the twist an-
gle and lattice constant of the unit cell of BiTel, respectively. Be-
sides, A (r) = Vo + V; 2. 35 cos(G; -  + ) stands for the scalar
moiré potential that originates from modulation on the conduc-
tion band minimum over the moiré period. All the parameters
in a,(r) and A(r) can be determined from first-principles simula-
tions of three high-symmetry stackings, as listed in Table S1 of
SI.

The moiré band structures can be calculated by the plane-wave
expansion. Figure 2 plots moiré bands at three typical twist an-
gles. One can clearly see that the Kramer pairs are formed at
the time-reversal invariant momenta. This is because the moiré
Hamiltonian Equation (3) still preserves the time-reversal sym-
metry, as required by the type-II Rashba structure. However,
the moiré bands are now lifted at the moiré Brillouin zone cor-
ner, indicating that the twisted BiTel homobilayer breaks the in-
version symmetry for the moiré superlattices. This is because
these AA, AB, and AC stackings have different electron affini-
ties, as shown in Supporting Information, and are reflected by the
nonzero value for ¢ in the moiré potential A(r). Moreover, within
a small twist angle 6 such as 3.5°, isolated flat bands are observed
(C,-C,) with bandwidth ~7 meV. This is substantially narrower
than those calculated in twisted TMDs. For example, it is %20 or
40 meV for twisted MoTe, or WSe,.[*®] Figure 2e summarizes the
evolution of the bandwidth with the twist angle. Such exceptional
and tunable flatness indicates that twisted type-II Rashba struc-
tures can be a promising platform to realize and control many
electron correlation effects.

where G; = (cos(j%)n, sin(j%l)n) denotes the three moiré

2.3. Topological Phase Transition

Then we study the topological properties of these isolated flat
(C,-C,) bands. Notice that as the twist angle increases, valleys
are formed at the +K/-K point of the moiré Brillouin zone as
presented in Figure 2. Moreover, Figure 2f shows that signifi-
cant Berry curvature with equal values but opposite signs is dis-
tributed at the +K and -K points. Our berry curvature calculation
further quantifies that the valley Chern number for the C, and
C, (C; and C,) bands is +1 (—1), featuring the valley Hall (VH)
insulating states for twisted type-1I Rashba BiTel bilayers, which
have been predicted and observed in non-twisted TMDs.[4748] ¢
is worth mentioning that even a relatively small pseudo-gap still
allows for the characterization and verification of valley-related
properties. For instance, nonlocal electrical measurements!**>°]
or detecting spin Hall conductivity through the magneto-optical
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Figure 2. a) Schematic of Twisting bilayer BiTel. Moiré bands with a twisting angle of 2° b), 3° ¢) and 4° d). The insets in (c) and (d) illustrate the evolution
of the Wannier charge center. €) Variation of the bandwidth as a function of the twisting angle. The insets in (e) illustrate the different topological states
in twisting bilayer BiTel. f) Berry curvature of the two lowest conduction bands with a twisting angle of 3° and 4°, respectively.

Kerr effect (MOKE)B! or spin pumping and inverse spin Hall
effect measurements method®? can be employed to indirectly
confirm the presence of the valley Hall effect.

Importantly, we find a critical twist angle 3.3° where the
bandgap between the C, and C, bands closes and forms a gap-
less Dirac cone. The Berry curvatures for the C, and C, bands
reverse their signs, as shown in Figure 2f, suggesting a band in-
version and topological phase transition. Because the twisted bi-
layer type-II Rashba BiTel still preserves the time-reversal sym-
metry, its topology is characterized by the topological invariant
Z,, which can be calculated by the Wilson loop method that tracks
the evolution of the Wannier charge center (WCC). As the twist
angle becomes larger than the critical angle, the Z, topological
invariant switches from 0 to 1 for the C; and C, bands, yielding a
nontrivial topological insulating state when the C, and C, bands
are filled.5354

3. Discussion

Next, we have conducted an in-depth study to understand the rea-
sons behind this topological transition. First, we find that in the
VH insulating phase, the real-space wave functions of C, and C,
bands at the +K/-K point are localized around the AC sublattice,
while those of C; and C, bands are mostly localized around the
AB sublattices (see Figure S2, Supporting Information). Such a
sublattice energy splitting contributes to a term proportional to
0,, where o, is a Pauli matrix that denotes the on-site energy dif-
ference of AC and AB sublattices.

Second, the expectation value of the spin operator, namely,
(w,(k)|s, |y, (k)) exhibits the opposite sign for each set of bands,
as illustrated in Figure 3a, while the expectation value of s, is
almost vanishing over the moiré Brillouin zone, indicating the
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spin texture of the low energy moiré bands is along the out-
of-plane direction. Our simulation shows that, at the +K point,
spins are | /1 for the C, /C, band located at the AC sublattice, and
1/l for the C;/C, band located at the AB sublattice. Such a spin
splitting indicates that the spins are coupled with sublattices by
a term o,s,. Moreover, at the -K point, spins for each band are
reversed, namely, 1/ for the C,/C, band at the AC sublattice,
and | /1 for the C;/C, band at the AB sublattice, which can be
described by a — 0,5, term. In this sense, these states near the
bandgap can be captured by a phenomenological model,5>>¢]

H = Ao, + A1,0,5, (4)

where 7, denotes the valley index. This model preserves the time-
reversal symmetry but breaks the inversion symmetry due to the
first term. The second term is indeed the effective intrinsic SOC
term that features the Kane-Mele model, and it results in the
quantum spin Hall (QSH) insulating states of the twisted type-II
Rashba systems.

Finally, we reveal that how the terms in the Kane-Mele model
in Equation (4) are harbored in the moiré Hamiltonian of Equa-
tion (3). Because of flat bandwidth, we can neglect the kinetic
energy term and reduce Equation (3) to Hy,,. (rnk)= A(r)+
¢, (ag(kys, —k,s,) + a; (r)s,). Furthermore, around the critical
bandgap closing at the + K point, the spin texture is along the
out-of-plane (z) direction, and the Rashba term approaches zero.
Thus, only two terms of the moiré Hamiltonian are important,
A(r) + {,a,(r)s,. Note that the scalar moiré potential A(r) of the
twisted type-1I Rashba BiTel bilayer has two potential minimums
around AB and AC stackings, which are #100 meV lower than
that of the AA stacking, as shown in Figure 3b. In this sce-
nario, this scalar moiré potential gives rise to Dirac-like bands
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Figure 3. a) Schematic plots of bands before and after the topological phase transition. The arrow on each band denotes the spin orientation. b,c) Top

and side views of the moiré potential of twisting bilayer BiTel, respectively.

at the moiré Brillouin zone corner as well as a honeycomb lat-
tice with AB and AC being two sublattices, which is illustrated
in Figure 3b. Moreover, there is a tiny energy difference between
AB and AC sublattices ~13 meV, as shown in Figure 3c. Such a
scalar moiré potential A(r) opens a trivial moiré bandgap at the
moiré Brillouin zone corner and results in a Ao, term. Similarly,
the interlayer interaction «,(r) can also form a moiré bandgap
by with an extra prefactor, which is characterized by ¢, o,. Thus,
the moiré Hamiltonian around the + K point is essentially o, +
£,0,5,.

Notably, the layer pseudospins ¢, in the Hamiltonian Equa-
tion (3) couple with both momentum and s,, when a gap is
open at k, a gap with an opposite sign has to open at — k.
Hence the layer pseudospins ¢, play a similar role with the
valley pseudospins 7,. There, the interlayer interaction a,(r)
works as an effective SOC. In this sense, the moiré Hamil-
tonian Equation (3) essentially harbors the Kane-Mele model
(Equation (4)).

Generally, the SOC interaction is dependent on the gradi-
ent of the potential. The existence of effective SOC has also
been demonstrated in other moiré systems, and it was revealed
to be dependent on the gradient of moiré potential.l’”>8] As
the twist angle increases, the moiré period decreases, and the
gradient of moiré potential increases. Consequently, the effec-
tive SOC strength dominates the gap over the sublattice en-
ergy difference for larger twist angles, driving the system into
the QSH state. The QSH state can transition into a QAH state
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upon breaking time-reversal symmetry.>*¢] Furthermore, based
on the intrinsic flat bands, the intrinsic magnetism may be
spontaneously emerged upon electron doping, which could not
only lead to the coexistence of the QSH and QAH phases, but
may even give rise to a fractional quantum anomalous (FQAH)
phase.[14:2461]

Finally, the phase diagrams according to the Rashba effect
and interlayer interaction are plotted. In Figure 4a, we show the
topological phases between the C, and C; bands as a function
of the twist angle (0) and Rashba strength (a;). We restricted
the angles ranging from 1 degree to 8 degrees to maintain re-
sult accuracy. It is evident that VH and QSH states exist with
a significant parameter range. This demonstrates that the ob-
served topological phase transition as increasing twist angle is
not incidental but rather intrinsic and robust. Moreover, when
the Rashba strength reduces to x0.3, the system cannot achieve
a topological state within our considered angel range, indicating
the importance of the Rashba effect for the form of topological
states.

Figure 4b presents the coordinative contributions from in-
terlayer interaction and Rashba strength to the insulating QSH
state. As mentioned at the beginning, a challenge to realize
topological states is to isolate the nontrivial bandgap from the
surrounding metallic states in Rashba materials. As seen from
Figure 2b—d, the band energy at the K point needs to be higher
than that at the T" point to result in a finite gap. Figure 4b plots
this energy difference and shows that larger interlayer interaction

© 2025 Wiley-VCH GmbH

d “0 '8TOE9191

dny wouy

:sdny) suonipuo) pue sud L, 341 33§ *[§707/60/50] U0 A2IqIT AUIUQ AS[IAN *AUIDIPAIA JO [00YOS ANSIdAIUN UOIBUIYSEA Aq $SHSTHTOT WIPE/ZO0T 01/10P/wod K3[1m'£:

L12)/W0d KM A:

P!

ASUAIIT suoWWo)) 2Aneax) d[qearidde ayy £q pauseaos are sapIIE YO Lasn Jo sa[nI Joy AIeiqr] auluQ A1 Uo (;



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

(a) 3
2.5

www.afm-journal.de

meV

25

12.5

1.3 1.4 1.5 1.6 1.7
OR

Figure 4. a) Phase diagram with the twist angle and Rashba parameter. b) That with the strength of Rashba parameter and interlayer interaction. The
dashed line represents the parameter used in twist bilayer BiTel. The solid line represents the critical phase transition boundary.

a; and Rashba aj will lift the K-point energy and favor insulating
states. This also agrees with Figure 1b, in which the larger a; and
a, lower the band energy at the I point. Finally, we observe that
ap and a; increase linearly when the topological phase transition
is satisfied, indicating that these two parameters need to be syn-
chronized.

4, Conclusion

We have established the mechanism wherein inversion-stacked
Rashba materials can undergo topological phase transitions un-
der twisting. The essential ingredient is a type-II Rashba moiré
system described at low energy by the universal Hamiltonian,
Equation (1). The interplay between Rashba SOC and interlayer
hopping generates a pseudo-antiferromagnetic field, maintain-
ing time-reversal symmetry while opening an energy gap in
the Dirac cone with nonzero Berry curvature. Upon twisting
the bilayer, we observe topological Z, flat bands and QSH in-
sulating states, described by the Kane—-Mele model with effec-
tive SOC from the moiré pseudo-Zeeman potential. Notably,
the system exhibits a topological phase transition from the VH
phase to the QSH phase at a twist angle of 3.3°, driven by
competition between the sublattice energy difference and effec-
tive SOC. This theoretical framework can potentially be real-
ized using a wide range of materials as consistent layers. Po-
tential candidates include polar structure (e.g., BiTeCl, Sb, TeSe,,
TiNCl), IV-VI materials (e.g., blue-phosphorene-phase GeTe,
SnTe, square buckled-phase PbS),[6263] 2D ferroelectric materi-
als (e.g., In,Se;), even some non-vdW Rashba materials (e.g.,
BaCdK,Sb,, KSnAs) via interface engineering.[*! These classic
Rashba materials are expected to undergo topological phase tran-
sitions driven by appropriate interlayer interactions and moiré
potential, and they can be easily manipulated by external con-
ditions such as stress or electric fields. Furthermore, the flat-
ness of the energy bands induced by the Rashba effect makes
them promising candidates for further realizing the integer or
fractional QAH effect. With tunable Rashba intensity, interlayer
coupling, and twist angle, this work positions Rashba materials
as a versatile platform for exploring and controlling topological
properties.
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5. Experimental Section

First-Principle Calculations: The first-principles simulations are per-
formed using the Vienna ab initio Simulation Package (VASP).[64]
The atomic structure optimization is performed within the general-
ized gradient approximation (GGA) and Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional until the force on each atom is less than
0.02 eV/AI6566] The electronic iteration convergence criterion is set to
1x 107° eV. To avoid spurious interactions between periodic images, a vac-
uum space of at least 20 A is introduced. The k-mesh is setto 11x 11 x 1
with a 450-eV cutoff energy. Dipole moment correction is employed,®’]
and the DFT-D3 method is employed to include vdW interactions.[®8] The
lattice parameters of the bulk BiTel material were calculated with differ-
ent vdW corrections, and compared to experimental results, as shown in
Table S3 (Supporting Information). It was found that the D; correction
yielded results most consistent with experiments. Therefore, the D3 vdW
correction was chosen for the first-principles calculations and for fitting
the continuum model. Spin-orbit coupling (SOC) is included in the total
energy calculations.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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