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In this Letter, we study superconducting moiré homobilayer transition metal dichalcogenides where the
Ising spin-orbit coupling (SOC) is much larger than the moiré bandwidth. We call such noncentrosym-
metric superconductors, moiré Ising superconductors. Because of the large Ising SOC, the depairing effect
caused by the Zeeman field is negligible and the in-plane upper critical field (Bc2) is determined by the
orbital effects. This allows us to study the effect of large orbital fields. Interestingly, when the applied in-
plane field is larger than the conventional orbital Bc2, a finite-momentum pairing phase would appear which
we call the orbital Fulde-Ferrell (FF) state. In this state, the Cooper pairs acquire a net momentum of 2qB,
where 2qB ¼ eBd is the momentum shift caused by the magnetic field B and d denotes the layer separation.
This orbital field-driven FF state is different from the conventional FF state driven by Zeeman effects in
Rashba superconductors. Remarkably, we predict that the FF pairing would result in a giant super-
conducting diode effect under electric gating when layer asymmetry is induced. An upturn of the Bc2 as the
temperature is lowered, coupled with the giant superconducting diode effect, would allow the detection of
the orbital FF state.
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Introduction.—Since the discovery of correlated insulat-
ing states and unconventional superconductivity in twisted
bilayer graphene [1,2], moiré superlattices have become
important platforms for studying correlated physics, super-
conductivity, and topological states [3]. Recently, these
studies have been extended to a new type of moiré materials
based on transition metal dichalcogenides (TMD) [4–23].
Notably, the WSe2 moiré superlattice further shows a
possible signature of superconductivity, in which the
resistance drops to zero at a critical temperature of about
1 to 3K [6,16]. Importantly, superconductivity appears when
the Fermi energy is near the valence band top of WSe2 such
that the Ising spin-orbit coupling (SOC) is exceedingly large
(in theorder of hundreds ofmeV [24]). The IsingSOC,which
pins electron spins at opposite momentum to opposite (out-
of-plane) directions [25–27], strongly suppresses the effect
of in-planeZeeman field and enhances in-plane upper critical
field Bc2 [26–41]. Because of the large Ising SOC, the
Zeeman depairing effect of themagnetic field can be ignored
and the superconductivity of the moiré bilayer can only be
suppressed by the orbital effects.
In this Letter, we study the role of Ising SOC in

superconducting TMDs with moiré bands. Specifically,
we show that in-plane Bc2 of the superconducting states
goes beyond the Pauli limit [42,43] but the in-plane Bc2 is
limited by the orbital effect instead of the Zeeman effect.
Moreover, we show that the moiré Ising superconductor
can be driven to a finite-momentum pairing state at low
temperatures by the orbital effects of the magnetic field.
Using realistic parameters of twisted bilayer TMDs, we
find that the nature of this finite-momentum tends to be a

2qB-Fulde-Ferrell (FF) pairing state [44], in which Cooper
pairs at both layers carry a finite-momentum around 2qB
perpendicular to applied fields. The phase transition from
the conventional pairing to the finite-momentum pairing
can be detected by the temperature dependence of the upper
critical field. Interestingly, we predict a giant superconduct-
ing diode effect induced by the 2qB-FF pairing under
electric gating. The combination of Bc2 and the diode effect
would provide strong evidence of the novel orbital FF state.
Model.—To study the properties of moiré Ising super-

conductors, we start with a continuum model of twisted
homobilayer TMD with Ising SOC and external magnetic
fields [5]. We focus on homobilayer TMDs with AA
stacking. The lattice constant of each monolayer is denoted
by a0. The top layer and the bottom layer are rotated by an
angle of θ=2 and −θ=2, respectively, with respect to one of
the transition metal sites [see Fig. 1(a)]. The crystal point
group symmetry is D3, which is generated by a twofold

(b)(a)

FIG. 1. (a) The lattice structure of a twisted homobilayer TMD.
The moiré unit cell is highlighted with LM as the moiré lattice
constant. (b) A schematic plot of the top moiré band of spin-up
state and spin-down state at two valleys. Here, 2 βso labels the
spin-splitting induced by the Ising SOC.
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rotation C2y along the y axis and a threefold rotation C3z

along the z axis. It is important to note that inversion
symmetry is broken in the moiré bilayer TMD such that the
superconducting state can be different from the centrosym-
metric bilayer TMD studied in Ref. [45].
The moirè superlattice, which has a moirè lattice con-

stant of LM ¼ a0= sin θ, folds the energy bands and gives
rise to the moirè Brillouin. The moirè bands under a finite
in-plane magnetic field are described by the Hamiltonian

HξðrÞ ¼
�
hbðrÞ T̂ðrÞ
T̂†ðrÞ htðrÞ

�
; ð1Þ

where ξ ¼ � is the valley index for �K valley. Here the
Hamiltonian of each individual layer is given by

hlðrÞ ¼ −
1

2m� ðp̂þ qBτz − ξKlÞ2 − μþ ΩðlÞ
ξ ðrÞ

− ξβsosz þ uBB · s; ð2Þ

where l ¼ tðbÞ labels the top (bottom) layer,m� denotes the
effective mass of valence band, μ is the chemical potential,
and τi and si are Pauli matrices defined in layer and spin
space, respectively. The βso characterizes the strength of
Ising SOC. The orbital effect of an external magnetic field
introduces a momentum shift qB ¼ jqBj ¼ eBd=2 with
qB ¼ eA and A ¼ 1

2
dB × ẑ as the chosen gauge potential,

where B denotes the in-plane external magnetic field, d
denotes the interlayer distance, e is the electron charge. The
Zeeman effect of the external magnetic field is captured by
the last term, where the g factor is taken to be 2 and uB
denotes the Bohr magneton. ΩðlÞ

ξ ðrÞ is the intralayer moiré

potential, and T̂ðrÞ is the interlayer moiré potential. The
detailed form of moiré potentials and the model parameters
adopted from Ref. [9] are presented in Supplemental
Material, Sec. I [46].
We describe the superconducting twisted homobilayer

TMD by a mean-field Hamiltonian, which is written as

HMFðrÞ ¼ HðrÞ þ
X
ξ

Ψ†
ξðrÞΔ̂ðrÞΨ†

−ξðrÞ þ H:c: ð3Þ

Here the moiré Hamiltonian is

HðrÞ ¼
X
ξ

Z
drΨ†

ξðrÞHξðrÞΨξðrÞ ð4Þ

and ΨξðrÞ ¼ ðψξb↑;ψξb↓;ψξt↑;ψξt↓ÞT denotes a four-
component electron annihilation operator. The pairing
matrix Δ̂ðrÞ is represented in the layer and spin space.
Because of the layered structure, we expect the pairings to
be within electrons of the same layer that can be classified
with irreducible representations of the D3 point group (see
Supplemental Material, Sec. I [46]). The favored pairing

form is determined by the microscopic interaction. In this
work, for illustrative purposes, we consider the two conven-
tional gapped intralayer pairings: Δ̂A1

¼ Δisy and Δ̂A2
¼

Δiτzsy, where A1, A2 label the irreducible representations
of D3. Here, we consider both A1 and A2 pairings as they
would generally be mixed by in-plane magnetic fields in
the case of finite-momentum pairings.
The enhanced in-plane upper critical field Bc2.—The in-

plane Bc2 of the moiŕe Ising superconductor can be
obtained from the linearized gap equation

U0χsðq;B; TÞ ¼ 1: ð5Þ

Here, U0 denotes the interaction strength that stabilizes the
A1ð2Þ pairing, q is to take account of the possible finite
pairing momentum, T is the temperature and the super-
conducting susceptibility χsðq;B; TÞ, in general, is given by
the maximal eigenvalue of the pairing susceptibility matrix

χ̂ðq;B; TÞ ¼
�
χ11ðq;B; TÞ χ12ðq;B; TÞ
χ21ðq;B; TÞ χ22ðq;B; TÞ

�
: ð6Þ

The susceptibility matrix is expressed in the Δ̂ðqÞ ¼
ðΔA1

ðqÞ;ΔA2
ðqÞÞT space. More details of the calculations

for the pairing susceptibility and the Bc2 from the
Hamiltonian H0ðp;BÞ can be found in the Supplemental
Material, Sec. VI [46]. To be specific, we would fix the
filling at ν ≈ −0.6 in our calculations and set the field
direction along the x direction. In general, a threefold
anisotropy would be expected for the upper critical field. In
the main text, we set the twist angle θ ¼ 5°, near where the
possible signature of superconductivity would appear in the
experiment [6].
The calculated in-plane Bc2 of the zero-momentum

pairing with q ¼ 0 is shown in Fig. 2. Figure 2(a) displays
the corresponding moiré energy bands at K valley, where
the spin of the top moiré band that contributes to the
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FIG. 2. (a) The moiré bands of a homobilayer TMD with twist
angle θ ¼ 5°, where the top moiré bands are highlighted in red.
(b) The in-plane upper critical field Bc2 (in units of Pauli limit
Bp ≈ 1.86Tc) as a function of temperature (in units of the zero-
field critical temperature) with (in red) and without (in blue)
orbital effects of the magnetic field. We set Tc ¼ 1 K and fix the
chemical potential at ν ≈ −0.6 [the black dashed line in (a)] in (b).
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superconductivity (in red) is fully polarized by the Ising
SOC. In this case, the in-plane critical magnetic field Bc2
(in the unit of the Pauli limit Bp) versus critical temperature
T (in units of zero-field critical temperature Tc) curves are
plotted in Fig. 2(b), where the orbital effects are present or
absent according to Eq. (2). When the orbital effects are
artificially turned off while the Zeeman effects are
included, it can be seen that the superconducting critical
temperature is almost insensitive to the external fields due
to the strong Ising SOC. In contrast, the in-plane Bc2 would
ultimately be limited to several Bp when orbital effects are
included (red line). This stands in sharp contrast to super-
conductingMoS2 and NbSe2 where the depairing due to the
paramagnetic effect is dominant because of the much
smaller Ising SOC at the Fermi energy in these materials.
To estimate the magnitude of the resulting orbital effect

limited Bc2, we can construct a phenomenological GL free
energy theory by taking the order parameter of top and
bottom layer to be Δt ≡ jΔjeiφt and Δb ≡ jΔjeiφb , respec-
tively. The Ginzburg-Landau (GL) free energy that captures
our system can be written as (see Supplemental Material,
Sec. V for more details [46])

F ðjΔjÞ ¼ −ðα0 − α1ðBÞÞjΔj2 þ
β0
2
jΔj4

þλJð1 − cosðφt − φbÞÞjΔj2: ð7Þ

Here, α0 ∝ ðTc − TÞ and β0 are the GL coefficients, α1ðBÞ
to the second order can be approximated as α1ðBÞ ¼ Λq2B.
Λ depends on the electron effective mass and interlayer
coupling. λJ denotes the Josephson coupling strength
between two layers. As expected, the critical field Bc2
for zero-momentum pairing is determined by the A1

pairing, where φt ¼ φb to minimize the Josephson cou-
pling energy. According to the coefficient of jΔj2, the upper
critical field is now estimated as

Bc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4α0

e2d2Λ

r
: ð8Þ

Therefore, the orbital effect limited Bc2 ∝
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tc − T

p
is

mainly determined by the effective mass and thickness.
Note that the effective mass strongly depends on the twist
angle. As shown in Supplemental Material, Sec. III [46],
the in-plane Bc2 can be enhanced prominently when we
artificially decrease the twist angle.
Orbital Fulde-Ferrell pairing state.—Next, we study the

case of finite-momentum pairings with q ≠ 0 induced by
the orbital effects of magnetic fields. The stabilized finite-
momentum pairing is expected to be q ¼ ð0; qÞ, as the
orbital motion of electrons is perpendicular to the in-plane
magnetic fields. To find the robust q driven by the in-plane
magnetic fields, we display the critical field Bc as a
function of q in Fig. 3(a) at various temperatures with

T ¼ ð0.9; 0.5; 0.1ÞTc. Here, we have used the magnitude
of the momentum shift qB ¼ jqBj as defined in Eq. (2) as a
natural unit for the pairing momentum q. The robust
finite-momentum pairing can be determined by the one
with q that maximizes the critical field Bc2. Notably,
although the zero-momentum pairing q ¼ 0 is favored
near the critical temperature, a prominent q ≈�2qB
pairing becomes favorable at low temperatures.
Figure 3(b) displays the superconducting pairing χs versus
B curve at q ¼ 0 and jqj ¼ 2qB. It clearly shows that the
finite-momentum pairing state with jqj ¼ 2qB exhibits a
higher Bc2 than the zero-momentum pairing state. This
2qB finite-momentum pairing can be understood from the
momentum shift induced by orbital effects. The momen-
tum of electrons at two opposite valleys, which would pair
together, obtains the same qB momentum shift according
to Eq. (2).
To understand the nature of this 2qB-finite-momentum

pairing, we can check the finite-momentum pairing sus-
ceptibility χijðq ¼ 2qBÞ versus B. The stabilized pairing
form could be obtained from the pairing susceptibility
matrix Eq. (6), which can be written as

ΔðrÞ ¼
X
q

Δq

�
cos

θq
2
þ sin

θq
2
τz

�
iσyeiq·r: ð9Þ

Here, ½cosðθq=2Þ; sinðθq=2Þ�T represents the correspond-
ing eigenvector of χs with θq ¼
arcsinðχ12=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðχ11 − χ22Þ2=4þ χ212

p
Þ. Because of the pres-

ence of finite interlayer coupling, the resulting finite-
momentum pairing susceptibility χ11 − χ22 ≫ χ12 so that
θq ≈ 0 (Supplemental Material, Sec. III [46]). As a result,
according to Eq. (9), the stabilized pairing form behaves
as a FF pairing, which can be parametrized as ΔðrÞ ¼
jΔjeiq·r or ΔðrÞ ¼ jΔje−iq·r with q ¼ ð0; 2qBÞ (see an
illustration in the inset of Fig. 3). We denote these two
pairings as �2qB-FF pairings. Note that although these
two pairings with opposite pairing momentum are nearly
degenerate, the mixing of them is not favorable according
to the GL free energy analysis up to the fourth order (see
Supplemental Material, Sec. V [46]). Moreover, according
to a phenomenological GL analysis in Sec. V, the
interlayer coupling would increase the kinetic energy of
the superconductor under in-plane magnetic fields due to
the canonical momentum mixing between the two layers.
On the other hand, the 2qB-FF pairing would lower this
energy, which could make it more favorable than the zero-
momentum pairing.
To obtain the B − T phase diagram, we plot the critical

Bc2 (left axis, solid blue) and the corresponding stabilized
q ¼ ð0; qÞ (right axis, red) as a function of temperature T
in Fig. 3(c). The finite-momentum pairing (q > 0) is seen
to emerge at temperature T ≈ 0.75Tc, near where the Bc–T
curve exhibits an upturn at the phase transition. Notably,
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the momentum shifts q would saturate and the previously
discussed 2qB-FF pairings emerge at low temperatures
T ≲ 0.5Tc. The finite-momentum pairing phase region,
the boundary of which is roughly given by the Bc–T curve
with q ¼ 0 and finite q, is highlighted in Fig. 3(c). It can
be seen that the 2qB-FF state can be stabilized with a
temperature T ≲ 0.5Tc and a magnetic field B roughly
higher than 2Bp.
Finally, we point out that the degeneracy betweenþ2qB-

FF pairing and −2qB-FF pairing can be lifted extrinsically
by out-of-plane displacement fields D, which induces layer
asymmetry. As shown in Fig. 3(d), when an out-of-plane
displacement field D ¼ 5 meV is applied, the Bc2 of 2qB
finite-momentum pairing becomes much higher than the
Bc2 of the −2qB pairing, implying that þ2qB-FF pairing
would be the favorable finite-momentum pairing under a
large in-plane magnetic field. Note that in the experiment,
superconductivity of twisted bilayer TMDs occurs in the
presence of a displacement field.
Gate-tunable superconducting diode effect.—Next, we

demonstrate a gate-tunable superconducting diode effect
based on the proposed 2qB-FF pairing in moiré Ising
superconductors. The superconducting diode effect is
characterized by the critical current difference between

currents flowing in opposite directions: Δjc ¼
ðjc;þ − jjc;−jÞ=ðjc;þ þ jjc;−jÞ [47–51], where the þ and −
signs denote the opposite current directions, respectively.
To demonstrate this, we can calculate the supercurrent

jðqÞ from the free energy [52]

fsðΔ; qÞ ¼
jΔj2
U0

−
1

β

X
k;n

lnð1þ e−βϵnqðkÞÞ; ð10Þ

where β ¼ 1=kBT, ϵnqðkÞ is the quasiparticle energy of
the finite-momentum Bogoliubov–de Gennes (BdG)
Hamiltonian (see Supplemental Material, Sec. IV [46]
for more details). The supercurrent jðqÞ can be obtained
by jðqÞ ¼ 2½∂fðqÞ�=∂q, where fðqÞ is the lowest free
energy at each pairing momentum q and is given by
minimizing the free energy fsðΔ; qÞ − fn [note fn ≡
fsðΔ ¼ 0Þ is the normal state free energy] with respect
to Δ. Here, we consider the current direction to be along y
direction so that we can denote q ¼ ð0; qÞ.
The landscape of the minimized free energy fðqÞ (blue

line) and the corresponding supercurrent jðqÞ (red line) in
the case without displacement fields (D ¼ 0) and with
displacement fields (D ¼ 5 meV) are plotted in Fig. 4.
Here a large in-plane magnetic field [B=Bp ¼ 3 and
B=Bp ¼ 2.5 for (a) and (b), respectively], and a temper-
ature T ¼ 0.1Tc are adopted so that the system is deep in
the FF pairing state. It is important to note that Ising SOC is
very essential here. Without Ising SOC, the superconduc-
tivity could have been killed by the paramagnetic effect
before reaching the FF state. Without displacement fields
[Fig. 4(a)], the free energy of q near �2qB is lower than
q ¼ 0 under a large B. In other words, �2qB-FF pairing
would be stabilized, being consistent with the previous
linearized gap equation calculation. However, the diode
effect is absent (Δjc ¼ 0) in this case [Fig. 4(a)]. As shown

(a)

(c)

(b)

(d)

FIG. 3. (a) The in-plane Bc2 versus pairing momentum q (in
units of qB) at various temperatures T ¼ 0.1Tc; 0.5Tc; 0.9Tc.
(b) The superconducting pairing susceptibility χsðq ¼ 0Þ and
χsðq ¼ 2qBÞ versus B, obtained from diagonalizing the pairing
susceptibility matrix. The inset schematically plots the FF pairing
with qy ¼ 2qB driven by an in-plane field Bx. (c) The left axis
shows the Bc2 versus T curve for finite-momentum q pairing
(solid blue line) and zero-momentum pairing (q ¼ 0), while the
right axis (red line) shows the corresponding favorable pairing
momentum q (in units of qB) as a function of temperature. (d) The
Bc2 versus T curve upon a finite out-of-plane displacement field
D. The inset schematically represents the 2qB-FF pairing under
finite out-of-plane displacement fields D.
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FIG. 4. (a) and (b) The free energy fðqÞ and supercurrent jðqÞ
normalized to ½−1; 1� without displacement fields (D ¼ 0 meV)
and with a finite displacement field (D ¼ 5 meV), respectively.
Here the temperature T ¼ 0.1Tc, and B ¼ 3Bp and B ¼ 2.5Bp

for (a) and (b), respectively. In (a), the maximum magnitudes of
jðqÞ are the same in the positive and negative directions. This
indicates the absence of the superconducting diode effect. In (b),
the maximum magnitudes of jðqÞ are different for currents
flowing in opposite directions, indicating the presence of the
superconducting diode effect.
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in Fig. 4(b), the diode effect becomes finite at finite
displacement fields (D ¼ 5 meV). Notably, the resulting
Δjc ≈ 53% is much larger than the one proposed in
superconductors with Rashba SOC [48]. This giant super-
conducting diode effect originates from the lifting of the
degeneracy between 2qB-FF pairing and −2qB-FF pairing
by the displacement field, which enables a highly asym-
metric free energy configuration as shown in Fig. 4(b).
The implementation of an electric gate-tunable super-
conducting diode effect is generally difficult in previous
systems [47,53,54], as the high electron density hinders
the gate-controllability. The giant gate-tunable supercon-
ducting diode effect in the present system is potentially
useful for dissipationless electronics, superconducting
circuits and superconducting computing devices.
Discussion.—It is worth noting that the pairing form

ΔðrÞ can be changed if the interlayer coupling strength can
be tuned. For example, as shown in Supplemental Material,
Sec. VI [46], we obtained a layer-antisymmetric FF pairing
analytically, where Δt ¼ jΔjeiq·r and Δb ¼ jΔje−iq·r with
q ¼ ð0; 2qBÞ, in the case without twisting and in the weak
interlayer coupling limit. We note that this exotic pairing
has been proposed in centrosymmetric AB stacked bilayer
TMDs without twisting previously [45]. This layer-
antisymmetric FF pairing is energetically not favored in
our case due to the stronger interlayer coupling strength,
which increases the Josephson coupling energy. The orbital
FF pairings we find would not afford such Josephson
coupling energy and are particularly allowed by noncen-
trosymmetric superconductors.
In conclusion, we have proposed an intriguing non-

centrosymmetric superconductor—moiré Ising super-
conductor, in which the Ising SOC is dominant over
moiré bandwidth and can be readily realized in super-
conducting moiré TMDs. We have highlighted that
moiré Ising superconductors are wonderful platforms
for exploring novel superconducting effects, including
orbital magnetic field-driven finite-momentum pairing
state and gate-tunable superconducting diode effects.
In principle, our theory for the orbital FF pairing state
can also be applied to some other nontwisted super-
conducting materials with inversion broken and giant
Ising SOC.
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Note added.—Recently, we were informed by Ye that the
orbital-field-driven finite-momentum pairing state might
have been observed in multilayer 2H-NbSe2 [55].
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tails for the moiré potential and model parameters; (ii) pairing
classifications for twisted bilayer TMD; (iii) extended figures;
(iv) the linearized gap equation and free energy for the finite
momentum pairing; (v) Ginzburg-Landau Free energy for a
bilayer superconductor under in-plane orbitalmagnetic fields;
(vi) the layer anti-symmetric 2qB FF pairing in AA stacking
bilayer TMD in the weak interlayer coupling limit.

[47] F. Ando, Y. Miyasaka, T. Li, J. Ishizuka, T. Arakawa, Y.
Shiota, T. Moriyama, Y. Yanase, and T. Ono, Nature
(London) 584, 373 (2020).

[48] A. Daido, Y. Ikeda, and Y. Yanase, Phys. Rev. Lett. 128,
037001 (2022).

[49] N. F. Q. Yuan and L. Fu, Proc. Natl. Acad. Sci. U.S.A. 119,
e2119548119 (2022).

[50] J. J. He, Y. Tanaka, and N. Nagaosa, New J. Phys. 24,
053014 (2022).

[51] S. Ilić and F. S. Bergeret, Phys. Rev. Lett. 128, 177001
(2022).

[52] Y.-M. Xie, B. T. Zhou, and K. T. Law, Phys. Rev. Lett. 125,
107001 (2020).

[53] H. Wu, Y. Wang, Y. Xu, P. K. Sivakumar, C. Pasco, U.
Filippozzi, S. S. P. Parkin, Y.-J. Zeng, T. McQueen, and
M. N. Ali, Nature (London) 604, 653 (2022).

[54] L. Bauriedl, C. Bäuml, L. Fuchs, C. Baumgartner, N. Paulik,
J. M. Bauer, K.-Q. Lin, J. M. Lupton, T. Taniguchi, K.
Watanabe, C. Strunk, and N. Paradiso, Nat. Commun. 13,
4266 (2022).

[55] P. Wan, O. Zheliuk, N. F. Q. Yuan, X. Peng, L. Zhang, M.
Liang, U. Zeitler, S. Wiedmann, N. E. Hussey, T. T. M.
Palstra, and J. Ye, Nature (London) (2023).

PHYSICAL REVIEW LETTERS 131, 016001 (2023)

016001-6

https://doi.org/10.1103/PhysRevB.106.235135
https://doi.org/10.1103/PhysRevB.106.235135
https://doi.org/10.1103/PhysRevB.88.085433
https://doi.org/10.1103/PhysRevB.88.085433
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1126/science.aab2277
https://doi.org/10.1038/nphys3538
https://doi.org/10.1038/nphys3580
https://doi.org/10.1038/s41467-018-03888-4
https://doi.org/10.1073/pnas.1716781115
https://doi.org/10.1073/pnas.1716781115
https://doi.org/10.1021/acs.nanolett.7b03026
https://doi.org/10.1038/s41563-018-0061-1
https://doi.org/10.1103/PhysRevB.93.180501
https://doi.org/10.1103/PhysRevB.93.180501
https://doi.org/10.1038/s42005-018-0041-4
https://doi.org/10.1103/PhysRevResearch.2.013026
https://doi.org/10.1103/PhysRevResearch.2.013026
https://doi.org/10.1103/PhysRevB.94.094515
https://doi.org/10.1103/PhysRevLett.119.117001
https://doi.org/10.1103/PhysRevLett.119.117001
https://doi.org/10.1103/PhysRevB.94.060501
https://doi.org/10.1103/PhysRevB.96.054501
https://doi.org/10.1038/ncomms14985
https://doi.org/10.1038/ncomms14985
https://doi.org/10.1103/PhysRevX.10.041003
https://doi.org/10.1103/PhysRevLett.9.266
https://doi.org/10.1063/1.1777362
https://doi.org/10.1103/PhysRev.135.A550
https://doi.org/10.1103/PhysRevLett.118.087001
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.016001
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.016001
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.016001
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.016001
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.016001
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.016001
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.016001
https://doi.org/10.1038/s41586-020-2590-4
https://doi.org/10.1038/s41586-020-2590-4
https://doi.org/10.1103/PhysRevLett.128.037001
https://doi.org/10.1103/PhysRevLett.128.037001
https://doi.org/10.1073/pnas.2119548119
https://doi.org/10.1073/pnas.2119548119
https://doi.org/10.1088/1367-2630/ac6766
https://doi.org/10.1088/1367-2630/ac6766
https://doi.org/10.1103/PhysRevLett.128.177001
https://doi.org/10.1103/PhysRevLett.128.177001
https://doi.org/10.1103/PhysRevLett.125.107001
https://doi.org/10.1103/PhysRevLett.125.107001
https://doi.org/10.1038/s41586-022-04504-8
https://doi.org/10.1038/s41467-022-31954-5
https://doi.org/10.1038/s41467-022-31954-5
https://doi.org/10.1038/s41586-023-05967-z

