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We use the topological heavy fermion (THF) model [1] and its Kondo Lattice (KL) formulation [2] to study
the possibility of a symmetric Kondo (SK) state in twisted bilayer graphene. Via a large-N approximation, we
find a SK state in the KL model at fillings ν = 0,±1,±2 where a KL model can be constructed [2]. In the
SK state, all symmetries are preserved and the local moments are Kondo screened by the conduction electrons.
At the mean-field level of the THF model at ν = 0,±1,±2,±3 we also find a similar symmetric state that
is adiabatically connected to the symmetric Kondo state. We study the stability of the symmetric state by
comparing its energy with the ordered (symmetry-breaking) states found in Ref. [1] and find the ordered states
to have lower energy at ν = 0,±1,±2. However, moving away from integer fillings by doping the light bands,
our mean-field calculations find the energy difference between the ordered state and the symmetric state to be
reduced, which suggests the loss of ordering and a tendency towards Kondo screening. In order to include many-
body effects beyond the mean-field approximation, we also performed dynamical mean-field theory (DMFT)
calculations on the THF model in the non-ordered phase. The spin susceptibility follows a Curie behavior at
ν = 0,±1,±2 down to ∼ 2K where the onset of screening of the local moment becomes visible. This hints to
very low Kondo temperatures at these fillings, in agreement with the outcome of our mean-field calculations. At
non-integer filling ν = ±0.5,±0.8,±1.2 DMFT shows deviations from a 1/T -susceptibility at much higher
temperatures, suggesting a more effective screening of local moments with doping. Finally, we study the effect
of a C3z-rotational-symmetry-breaking strain via mean-field approaches and find that a symmetric phase (that
only breaks C3z symmetry) can be stabilized at sufficiently large strain at ν = 0,±1,±2. Our results suggest
that a symmetric Kondo phase is strongly suppressed at integer fillings, but could be stabilized either at non-
integer fillings or by applying strain.

Introduction— The experiments on magic-angle (θ =
1.05◦) twisted bilayer graphene (MATBG) [3–5] have estab-
lished the existence of a variety of interesting phases [6–27],
including correlated insulating phases [28–38] and supercon-
ductivity [39–43]. Their discovery has been followed by con-
siderable theoretical efforts [44–68] aimed at understand-
ing their origin. An extended Hubbard model has been con-
structed to analyze the interacting physics [59, 69–81], how-
ever, due to the non-trivial topology of the flat bands [82–
90], certain symmetries become non-local. Alternatively, an
approach based on a momentum space model has been con-
sidered [91–99], in which correlated insulators [100–107],
superconductivity [108–113], and other correlated quantum
phases [114–118] have been identified and studied. Besides,
various numerical calculations [119–126] have also been per-
formed to investigate the correlated nature of the phenomena.
However, the active phase diagram including the states at non-
integer fillings is not well understood. The exact mapping
between the MATBG and topological heavy-fermion model
constructed in Ref. [1] could be used for developments in this
direction. This mapping establishes a bridge between heavy-
fermions [127–131] and moiré systems [1, 2, 132]. The pres-

ence of localized moments in MATBG is supported by recent
entropy measurements which have found a Pomeranchuk-type
transition [17, 18]. A large entropy observed at high tem-
peratures, originates from weakly interacting local moments
whose fluctuations are quenched at low temperatures [17, 18].
Since a similar behavior is observed in heavy fermion sys-
tems [127], where the fluctuating local moments are screened
by conduction electrons (Kondo effect), this observation is
suggestive of a Kondo state with screened local moments in
MATBG.

In this work, we first use the KL model [2] to describe and
study the symmetric Kondo (SK) state. The SK phase pre-
serves all symmetries; the local moments are screened. We
discuss the properties of the SK state and extend the study to
the symmetric state in the THF model [1, 128]. To address
the stability of the symmetric state, we perform both mean-
field and DMFT calculations of the THF model. Our calcula-
tion indicates that, at integer fillings ν = 0,±1,±2, ordered
states are energetically favored with suppressed Kondo effect.
Doping away from integer fillings tends to destroy the order
and enhance the Kondo effect. We also study the effect of a
C3z-breaking strain. Our mean-field calculations show that
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the ordering at ν = 0,±1,±2 is suppressed by the strain ef-
fect and a symmetric state can be stabilized at a sufficiently
large strain.

THF model and KL model— The THF model [1] contains
two types of electrons: topological conduction c-electrons
(ck,aηs) and localized f -electrons (fR,αηs). The operator
ck,aηs annihilates conduction c-electron with momentum k,
orbital a ∈ {1, 2, 3, 4}, valley η ∈ {+,−} and spin s ∈
{↑, ↓}. We call the c-electrons with a = 1, 2 (a = 3, 4)
as Γ3 (Γ1 ⊕ Γ2) c-electrons [1]. fR,αηs is the annihilation
operator of the f -electron at the moiré unit cell R with or-
bital α ∈ {1, 2}, valley η and spin s [1]. The Hamiltonian
of the THF model [1, 133] is ĤTHF = Ĥc + Ĥfc + ĤU +

ĤW + ĤV + ĤJ with the values of parameters taken from
Ref. [1]. Ĥc describes the kinetic term of conduction elec-
trons and Ĥfc describes the hybridization between f -c elec-
trons [1, 133]. The interactions include an on-site Hubbard
interaction of f -electrons (ĤU ), a repulsion between f - and
c-electrons (ĤW ), a Coulomb interaction between c-electrons
(ĤV ), and a ferromagnetic exchange coupling between f -and
c-electrons (ĤJ ) [1, 133]. Based on the THF model [1], a
KL model of MATBG has been constructed via the Schrief-
fer–Wolff transformation [2]. The KL model is described by
ĤKondo = Ĥc + Ĥcc + ĤK + ĤJ where Ĥcc, ĤK emerge
from the SW transformation. Ĥcc is the one-body scattering
term of Γ3 c-electrons with the form of

Ĥcc =
∑

|k|<Λc

∑
a,a′∈{1,2}

η,s

e−|k|2λ2

: c†k,aηsck,a′ηs :

(
−1

Dνc,νf

+
−1

Dνc,νf

)[
γ2/2 γv′⋆(ηkx − iky)

γv′⋆(ηkx + iky) γ2/2

]
a,a′

.

(1)

λ is the damping factor of the f -c hybridization in the THF
model. γ, v′⋆ characterize f -c hybridization [1, 133]. D1,νc,νf

and D2,νc,νf
are two parameters given in Supplementary Ma-

terials (SM) [133]. ĤK is the Kondo interaction between f -
and Γ3 c-electrons given in Sec II, SM [133]. We also note
that, ground states at filling ν and −ν are connected by a
charge-conjugation transformation [1]. This can be broken by
other one-body terms which are expected to be small. In what
follows, we only focus on ν ≤ 0.

Symmetric Kondo state– We perform a mean-field (large-
N) study of the KL model [128], where the Kondo interaction
is treated via a Hartree-Fock decoupling (see SM [133]) by
introducing the hybridization fields

V ∗
1 =

∑
R,|k|<Λc

∑
αηs

eik·R−|k|2λ2/2

√
NMNM

⟨Ψ|f†
R,αηsck,αηs|Ψ⟩

V ∗
2 =

∑
R,|k|<Λc

∑
αaηs

eik·R−|k|2λ2/2

√
NMNM

(ηkxσx + kyσy)αa

⟨Ψ|f†
R,αηsck,αηs|Ψ⟩ (2)

with |Ψ⟩ the mean-field ground state. This mean-field ap-
proach suppresses the RKKY interaction and essentially re-
stores the hybridization term Ĥfc of the original periodic An-
derson model but in a renormalized form [128, 134]. It be-
comes exact in the N → ∞ limit (we have N = 4 which cor-
responds to the approximate flat U(4) symmetry). By solving
the mean-field equations at ν = 0,−1,−2 , we identify a SK
state that preserves all the symmetries with V1 ̸= 0, V2 ̸=
0 [133].

We describe the properties of the SK state. In Fig. 1, we
plot the band structure of the SK state and compare it with the
non-interacting band structure of THF model. We find the f -c
hybridization in the SK state to be enhanced. Consequently,
the gap of the Γ3 states at the Γ point [1] is increased from
its non-interacting value 24.75meV at ν = 0, to 168meV,
190meV, 213meV at ν = 0,−1,−2 respectively. Further-
more, the flat bands in SK state are mostly formed by Γ1⊕Γ2

c-electrons with weights larger than 70%. The bandwidths
of the flat bands at ν = −1,−2 become 16meV, 53meV,
which are (much) larger than the non-interacting bandwidth
(7.4meV).

The flat bands in the SK state form the same representa-
tions as the flat bands in the non-interacting THF model [1].
The flat bands in SK state then belong to a fragile topol-
ogy [1] at ν = −1,−2. At ν = 0, due to the additional
particle-hole symmetry, flat bands have a stable topology and
symmetry-protected nodes at Fermi energy [1, 84, 90] (see
Sec IV, SM [133]). We also mention that the interplay be-
tween the Kondo effect and the topological bands has also
been studied in various other systems [135–140].

Symmetric state in the THF model and the effect of
doping— We next investigate the symmetric state in the THF
model. We first focus on integer fillings ν = 0,−1,−2,−3
and perform the mean-field calculations of the THF model
(see Sec. V, SM [133]). We identify a symmetric state that pre-
serves all the symmetries and is adiabatically connected to the
SK state. To observe the stability of the symmetric state, we
compare its energy (Esym) with the energy (Eorder) of the or-
dered (symmetry-breaking) ground states derived in Ref. [1].
The ordered ground states are a Kramers inter-valley-coherent
(KIVC) state at ν = 0, a KIVC+valley polarized (VP) state
at ν = −1, a KIVC state at ν = −2 and a VP state at
ν = −3. However, we point out that at ν = −3 translational-
symmetry-broken states with lower energy exist [141]. In our
calculations, ∆E = Esym −Eorder > 0 at integer fillings in-
dicate the ground states are ordered states instead of SK states
at these fillings. However, introducing the Gutzwiller projec-
tor to our wave function may further reduce the energy of the
symmetric state by including the many-body effect.

We next investigate the effects of doping. We stick to a
narrow region ν ∈ [νint − 0.5, νint + 0.5] near each inte-
ger filling νint = 0,−1,−2,−3 and compare the energies of
the ordered states Eorder and the symmetric states Esym in
the THF model. The ordered solution is generated by doping
the ordered state at integer filling νint and performing self-
consistent calculations (see Sec. V, SM [133]). Fig. 2 displays
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(a) (b) (c) (d)

FIG. 1. (a) Band structure of the non-interacting THF model at ν = 0. (b), (c), (d) Band structure of the SK phase at ν = 0,−1,−2
respectively.
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FIG. 2. Doping dependence of the ground state energy difference
∆E = Esym − Eorder near integer fillings ν = 0,−1,−2,−3 in
THF model. The ordered states we considered are KIVC (ν = 0),
KIVC+VP (ν = −1), KIVC (ν = −2) and VP (ν = −3).

a plot of the difference of the ground state energies ∆E as
a function of doping ∆ν = ν − νint. We observe that hole
doping at ν = 0,−1,−2,−3 and electron doping at ν = 0
decreases the ∆E. Doping holes at ν = 0,−1,−2 and dop-
ing electrons at ν = 0 to the ordered states are equivalent to
doping the light bands mostly formed by c-electrons [1, 133].
After doping, the conduction electrons stay close to the Fermi
energy, and then enhance the tendency towards the Kondo ef-
fect and reduce ∆E.

However, doping electrons at ν = −1,−2 is equivalent to
doping heavy (flat) bands which mostly come from the f -
electrons. Because of the flatness of the band, the nature of
the ordered states will change with doping (see Sec. V, SM
[133]). From our calculations near ν = −1,−2, we find that
∆E will first decrease and then increase as we increase ∆ν.
The change of order moments indicates the importance of the
correlation effect which could be underestimated in the mean-
field approach.

To further investigate the correlation effect, we perform
DMFT calculations of the THF model in the non-ordered
phase at both integer and non-integer fillings. DMFT finds a
qualitative difference between the strong quasiparticle renor-
malization at integer filling and a Fermi liquid at non-integer
fillings: this can be seen from the scattering rate Γf =
−ImΣf (ω = 0) which is shown as a function of the total
filling ν at T = 11.6K in Fig.3(a). The largest scattering rates
are found close to ν = 0.0, -1.0 and -2.0, progressively de-
creasing as one moves away from the charge neutrality point.
Correspondingly, the spectral weight at the Fermi level (black

and grey solid circles) is suppressed at these fillings.

Fig.3(b) illustrates the temperature-dependent screening of
the local magnetic moment on the f orbitals. We deter-
mine the screening temperature T⊙ and the effective moment
µeff by fitting the z-component of the local spin suscepti-
bility to the expression µ2

eff/3(T + 2T⊙). A visualization
of the deviation from Curie law can be obtained by plotting
T · χloc

spin(ω = 0): a flat profile indicates Curie behavior and
a well-defined effective local moment, while deviations signal
the onset of screening and a crossover towards a Pauli-like be-
havior [142]. While at ν = 0.0, -1.0 and -2.0 the 1/T -like lo-
cal spin susceptibility persists down to 1-2 K, the non-integer
fillings deviate from Curie behavior at much higher tempera-
tures(∼ 10K). This deviation from Curie behavior at ∼ 10K
also marks the the onset of the Kondo screening process. Our
DMFT calculations suggest that the Kondo phase is strongly
suppressed at integer fillings ν = 0,−1,−2, increasing the
propensity towards long-range order. By doping the system,
the development of Kondo screening is observed, which sug-
gests that doping could enhance the Kondo effect. This picture
is consistent with our mean-field calculations.

Effects of strain— Since twisted bilayer graphene sam-
ples exhibit intrinsic strain [143] and the ordered states are
disfavored by strain, we investigate the effect of strain in
the THF model. We focus on ν = 0,−1,−2,−3 and in-
troduce a C3z-symmetry breaking term [133, 144–146] to
qualitatively characterizes the effect of strain :Ĥstrain =
α
∑

R,ηs(f
†
R,1ηsfR,2ηs+h.c.) where α can reach ∼ 10meV in

real materials (Sec.V [133], SM). We compare the mean-field
ground-state energies of the symmetric states (Estrain

sym ) and
the ordered states (Estrain

order ) at non-zero strain. Due to the C3z

strain, the symmetric states here preserve all the symmetries
except for the C3z . In Fig. 4, we plot the energy difference
∆Estrain = Estrain

sym − Estrain
order as a function of the effective

strain amplitude α. We observe ∆E at ν = 0,−1,−2 van-
ishes at sufficiently large strain. A detailed analysis [133] of
the wavefunction shows that the ordered state cannot be sta-
bilized and converged to a symmetric solution at large strain.
We thus conclude that a symmetric phase can be stabilized by
sufficiently large strain at ν = 0,−1,−2. As for ν = −3, we
mention again that other ordered states exist [141]. We leave
a systematic analysis of ν = −3 for future study. Finally,
we comment that even at zero strain, a symmetric state that
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FIG. 3. DMFT solution of the THF model. (a) Doping ν dependent low-energy spectral function at the Fermi level (A(ω = 0)) for the
full system Atot, the c- (Ac) and the f-electrons (Af ) at 11.6 K. Also shown is the scattering rate Γf as extracted from the local f-electron
self-energy. (b) Effective local moment T · χloc

spin(ω = 0) as a function of temperature T for different doping levels ν. The full set of values of
the screened local moments µeff and screened temperature T⊙ is provided in SM, Sec. VI [133].

FIG. 4. Energy difference ∆Estrain = Estrain
sym −Estrain

order between
the symmetric state that only breaks C3z symmetry (Estrain

sym ) and
the ordered state (Estrain

order ) as a function of α - a parameter charac-
terizing the strain amplitude. (Inside) ∆Estrain at ν = −2 over an
extended parameter region 0meV ≤ α ≤ 45meV. We note that even
at zero strain α = 0, a symmetric state that only breaks C3z sym-
metry has lower energy than the fully symmetric state. We also note
that there are small kinks due to the transition between two ordered
phases at α ∼ 3meV for ν = −1, at α ∼ 5meV for ν = −2 and at
α ∼ 3meV for ν = −3 (Sec. V, SM [133]).

breaks C3z symmetry has lower energy than the fully sym-
metric state.

Discussion and summary— We have performed a system-
atic study of the SK state in the MATBG by analyzing its band
structure, topology and stability. Our main result is that an or-
dered state, instead of a SK state, will be the ground state of
the system at integer filling ν = 0,−1,−2. However, we find
doping and C3z-breaking strain can suppress the ordering and
enhance the tendency towards the Kondo state. Most im-
portantly, the possibility of the Kondo effect in the MATBG
as we demonstrated leads to a natural explanation of entropy

experiments [17, 18]. As has been established in the heavy-
fermion systems [127], the presence of Kondo ground state
leads to crossover behaviors from a fluctuating local-moment
phase at high temperature to a Kondo phase with screened
local moment at low temperature. The fluctuating local mo-
ments, which follow a Curie behavior, produce a large entropy
accumulation at high temperature. However, at low temper-
ature, the local moments are screened by the electrons via
the Kondo effect [127] and the quenched fluctuations of the
local moments lead to a small entropy. Remarkably, this is
exactly what has been observed in the recent entropy exper-
iments [17, 18], namely a large entropy at high temperature
and a small entropy at low temperature.

Note added— After finishing this work, we learned that re-
lated, but not identical, results have also recently been ob-
tained by the S. Das Sarma’s [147], P. Coleman’s [148], and
Z. Song’s groups [149]. We also mention that results from Z.
Song’s group are compatible with our DMFT results.

Acknowledgements— We thank Philipp Eck and Luca de′

Medici for useful discussions. B. A. B.’s work was primar-
ily supported by the DOE Grant No. DE-SC0016239, the
Simons Investigator Grant No. 404513. H. H. was sup-
ported by the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation pro-
gram (Grant Agreement No. 101020833). J. H. A. was sup-
ported by a Hertz Fellowship. D. C. was supported by the
DOE Grant No. DE-SC0016239 and the Simons Investiga-
tor Grant No. 404513. A. M. T. was supported by the Of-
fice of Basic Energy Sciences, Material Sciences and Engi-
neering Division, U.S. Department of Energy (DOE) under
Contract No. DE-SC0012704. G.R, L.K, T.W., G.S. and
R.V. thank the Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) for funding through QUAST FOR
5249-449872909 (Projects P4 and P5). G.R. acknowledges
funding from the European Commission via the Graphene



5

Flagship Core Project 3 (grant agreement ID: 881603). L.C
and G.S. were supported by the Würzburg-Dresden Clus-
ter of Excellence on Complexity and Topology in Quantum
Matter –ct.qmat Project-ID 390858490-EXC 2147, and grate-
fully acknowledge the Gauss Centre for Supercomputing e.V.
(www.gauss-centre.eu) for funding this project by providing
computing time on the GCS Supercomputer SuperMUC at
Leibniz Supercomputing Centre (www.lrz.de). L.C. gratefully
acknowledge the scientific support and HPC resources pro-
vided by the Erlangen National High Performance Computing
Center (NHR@FAU) of the Friedrich-Alexander-Universität
Erlangen-Nürnberg (FAU) under the NHR project b158cb.
NHR funding is provided by federal and Bavarian state au-
thorities. NHR@FAU hardware is partially funded by the
German Research Foundation (DFG) – 440719683. T.W. ac-
knowledges support by the Cluster of Excellence “CUI: Ad-
vanced Imaging of Matter” of the Deutsche Forschungsge-
meinschaft (DFG)–EXC 2056–Project ID No. 390715994.

∗ bernevig@princeton.edu
[1] Z.-D. Song and B. A. Bernevig, Phys. Rev. Lett. 129, 047601

(2022).
[2] H. Hu, B. A. Bernevig, and A. M. Tsvelik, Phys. Rev. Lett.

131, 026502 (2023).
[3] R. Bistritzer and A. H. MacDonald, Proceedings of the Na-

tional Academy of Sciences 108, 12233 (2011).
[4] L. Balents, C. R. Dean, D. K. Efetov, and A. F. Young, Nature

Physics 16, 725 (2020).
[5] E. Y. Andrei, D. K. Efetov, P. Jarillo-Herrero, A. H. MacDon-

ald, K. F. Mak, T. Senthil, E. Tutuc, A. Yazdani, and A. F.
Young, Nature Reviews Materials 6, 201 (2021).

[6] Y. Cao, D. Chowdhury, D. Rodan-Legrain, O. Rubies-
Bigorda, K. Watanabe, T. Taniguchi, T. Senthil, and P. Jarillo-
Herrero, Phys. Rev. Lett. 124, 076801 (2020).

[7] X. Lu, P. Stepanov, W. Yang, M. Xie, M. A. Aamir, I. Das,
C. Urgell, K. Watanabe, T. Taniguchi, G. Zhang, A. Bachtold,
A. H. MacDonald, and D. K. Efetov, Nature 574, 653 (2019).

[8] P. Stepanov, I. Das, X. Lu, A. Fahimniya, K. Watanabe,
T. Taniguchi, F. H. L. Koppens, J. Lischner, L. Levitov, and
D. K. Efetov, Nature 583, 375 (2020).

[9] M. Xie and A. H. MacDonald, Phys. Rev. Lett. 127, 196401
(2021).

[10] A. Kerelsky, L. J. McGilly, D. M. Kennes, L. Xian,
M. Yankowitz, S. Chen, K. Watanabe, T. Taniguchi, J. Hone,
C. Dean, A. Rubio, and A. N. Pasupathy, Nature 572, 95
(2019).

[11] Y. Jiang, X. Lai, K. Watanabe, T. Taniguchi, K. Haule, J. Mao,
and E. Y. Andrei, Nature 573, 91 (2019).

[12] D. Wong, K. P. Nuckolls, M. Oh, B. Lian, Y. Xie, S. Jeon,
K. Watanabe, T. Taniguchi, B. A. Bernevig, and A. Yazdani,
Nature 582, 198 (2020).

[13] U. Zondiner, A. Rozen, D. Rodan-Legrain, Y. Cao,
R. Queiroz, T. Taniguchi, K. Watanabe, Y. Oreg, F. von Op-
pen, A. Stern, E. Berg, P. Jarillo-Herrero, and S. Ilani, Nature
582, 203 (2020).

[14] 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 589, 536 (2021).

[15] J. M. Park, Y. Cao, K. Watanabe, T. Taniguchi, and P. Jarillo-
Herrero, Nature 592, 43 (2021).

[16] X. Lu, B. Lian, G. Chaudhary, B. A. Piot, G. Romagnoli,
K. Watanabe, T. Taniguchi, M. Poggio, A. H. MacDon-
ald, B. A. Bernevig, and D. K. Efetov, PNAS 118 (2021),
10.1073/pnas.2100006118.

[17] A. Rozen, J. M. Park, U. Zondiner, Y. Cao, D. Rodan-Legrain,
T. Taniguchi, K. Watanabe, Y. Oreg, A. Stern, E. Berg,
P. Jarillo-Herrero, and S. Ilani, Nature 592, 214 (2021).

[18] Y. Saito, F. Yang, J. Ge, X. Liu, T. Taniguchi, K. Watanabe,
J. I. A. Li, E. Berg, and A. F. Young, Nature 592, 220 (2021).

[19] I. Das, C. Shen, A. Jaoui, J. Herzog-Arbeitman, A. Chew,
C.-W. Cho, K. Watanabe, T. Taniguchi, B. A. Piot, B. A.
Bernevig, and D. K. Efetov, Phys. Rev. Lett. 128, 217701
(2022).

[20] P. Seifert, X. Lu, P. Stepanov, J. R. Durán Retamal, J. N.
Moore, K.-C. Fong, A. Principi, and D. K. Efetov, Nano Let-
ters 20, 3459 (2020).

[21] M. Otteneder, S. Hubmann, X. Lu, D. A. Kozlov, L. E. Golub,
K. Watanabe, T. Taniguchi, D. K. Efetov, and S. D. Ganichev,
Nano Letters 20, 7152 (2020).

[22] S. Lisi, X. Lu, T. Benschop, T. A. de Jong, P. Stepanov, J. R.
Duran, F. Margot, I. Cucchi, E. Cappelli, A. Hunter, A. Tamai,
V. Kandyba, A. Giampietri, A. Barinov, J. Jobst, V. Stalman,
M. Leeuwenhoek, K. Watanabe, T. Taniguchi, L. Rademaker,
S. J. van der Molen, M. P. Allan, D. K. Efetov, and F. Baum-
berger, Nature Physics 17, 189 (2021).

[23] T. Benschop, T. A. de Jong, P. Stepanov, X. Lu, V. Stalman,
S. J. van der Molen, D. K. Efetov, and M. P. Allan, Phys. Rev.
Res. 3, 013153 (2021).

[24] N. C. H. Hesp, I. Torre, D. Rodan-Legrain, P. Novelli, Y. Cao,
S. Carr, S. Fang, P. Stepanov, D. Barcons-Ruiz, H. Herzig She-
infux, K. Watanabe, T. Taniguchi, D. K. Efetov, E. Kaxiras,
P. Jarillo-Herrero, M. Polini, and F. H. L. Koppens, Nature
Physics 17, 1162 (2021).

[25] S. Hubmann, P. Soul, G. Di Battista, M. Hild, K. Watanabe,
T. Taniguchi, D. K. Efetov, and S. D. Ganichev, Phys. Rev.
Mater. 6, 024003 (2022).

[26] A. Jaoui, I. Das, G. Di Battista, J. Dı́ez-Mérida, X. Lu,
K. Watanabe, T. Taniguchi, H. Ishizuka, L. Levitov, and D. K.
Efetov, Nature Physics 18, 633 (2022).

[27] S. Grover, M. Bocarsly, A. Uri, P. Stepanov, G. Di Battista,
I. Roy, J. Xiao, A. Y. Meltzer, Y. Myasoedov, K. Pareek,
K. Watanabe, T. Taniguchi, B. Yan, A. Stern, E. Berg, D. K.
Efetov, and E. Zeldov, Nature Physics 18, 885 (2022).

[28] 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 556,
80 (2018).

[29] Y. Cao, D. Rodan-Legrain, O. Rubies-Bigorda, J. M. Park,
K. Watanabe, T. Taniguchi, and P. Jarillo-Herrero, Nature 583,
215 (2020).

[30] H. Polshyn, M. Yankowitz, S. Chen, Y. Zhang, K. Watanabe,
T. Taniguchi, C. R. Dean, and A. F. Young, Nat. Phys. 15,
1011 (2019).

[31] X. Liu, Z. Wang, K. Watanabe, T. Taniguchi, O. Vafek, and
J. I. A. Li, Science 371, 1261 (2021).
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