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* 2wyp~hvpokg/2, Fermi velocity is largly reduced and band is flat.

* Each flat band has four fold degeneracy (2 valleys and 2 spins).



Introduction—phase diagram of MATBG
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Y. Saito et al.: Nature 592, 220 (2021)
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Introduction—the motivation of studying on MATTG

[s it possible to tune these interesting quantum phases in situ?

Ks Ks Ts MsKs Ks Ks Ts MsKs
J. M. Park et al.: Nature 590, 249 (2021)

 Flat band coexists with Dirac band.

* (ate tunable band structure.



Introduction—gate tunable phase diagram of MATTG
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J. M. Park et al.: Nature 590, 249 (2021)

* Robust superconductivity exist in both hole and electron side.
* Superconductivity and correlated states are tunable by the displacement field.
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Introduction— emergent quantum phases in MATTG &:
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Y. Cao et al.: Nature 595,526 (2021) J.-X. Lin et al.: Nat. Phys. 18, 1221 (2022) H. Kim et al.: Nature 623, 942 (2023)

* Aversatile platform for exploring diverse and intriguing quantum phenomenal



Introduction— uncoventional superconductivity

* Strange metal

Y. Cao et al.: Phys. Rev. Lett. 124, 076801 (2020)
A.Jaoui et al.: Nat. Phys. 18, 633 (2022)

* Nodal gap
M. Oh et al.: Nature 600, 240 (2021)

H. Kim et al.: Nature 606, 494 (2022)
J. M. Park et al.: arXiv 2503.16410 (2025)

* Order parameter

 The relation between correlated

* Pseudogap state and SC.

M. Oh et al.: Nature 600, 240 (2021) 3 8
H. Kim et al.: Nature 606, 494 (2022) : e ) e The role of e_ph interaction?
Y. Han et al.: arXiv 2503.04083 (2025) : y :.s. ":.;. ~:'_lf‘ >
ki IR SR ERTILL
J. M. Park et al.: arXiv 2503.16410 (2025) X BSOS _,‘,\io‘g’:(\::;!\g «

* Nematicity

Y. Cao et al.: Science 372, 264 (2021)

* Re-entrant SCin MATTG
Y. Cao et al.: Nature 595, 526 (2021)



Double-dome—Landau fan diagram

R, (k)

* The twisted angle is 1.55°!

* The fan diagram agrees well with the reported MATTG results.



Double-dome—superconductivity &}

800

T = 100 mK

1.
1

600 - L

0
AV A ()

B (T)

] -0.5 0 0.5 1 -0.2 -0.1 0 0.1 0.2
Lo (HA) Lo (HA)

* Superconductivity exists in both electron side and hole side and hole side is much stronger.



Double-dome—temperature dependence
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* Superconductivity is supressed near v = —2.6 and shows a double-dome feature.

* The right dome’s normal-state resistance is linear in temperature.

* The right dome’s transition to superconductivity is sharper than the left’s.
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Double-dome—magnetic field dependence
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* Superconductivity is strongly supressed near v = —2.6 by magnetic field.

* The left and right domes share a similar maximum critical field.
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Double-dome—bias current dependence
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DC current strongly suppresses superconductivity near v = -2.6.

[-V curve exhibits hysteresis only in the right dome.
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Double-dome—gate-tunable double-dome superconductivity

* Double-dome superconductivity only appears in a small displacement field window.

&S

13



Gate-Tunable Double-Dome Superconductivity
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* At alow displacement field, only one superconducting dome appears, and the Dirac band
coexists with the flat band.

* At ahigh displacement field, one dome exists, and i1ts behavior differs from that in the low
displacement field region.
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Hartree-Fock calculation of Normal-State Properties Across v*
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Double-dome—conclusion & \
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B. Keimer et al.: Nature 518,179 (2015) H. Q. Yuan et al.: Science 302,2104 (2003) ].-X. Yin: Science Bulletin 68, 568 (2023)

 MATTG is another member of the double-dome superconductivity family.
* Do the double domes share the same origin and order parameter?

 Why does double-dome superconductivity appear only in a small displacement field window?
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Hybridzation of Dirac
band and flat band

Double dome superconductivity
only exists in a small displacement
field window

The most direct concequence of
displacement field — band structure
change

Change of flat band
width (electron
interaction)

Other effect by the
displacement field
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Three critical displacement fields—n-D mapping
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* Robust superconductivity exists on both hole side and electron side.

* Correlated states and superconductivity can be tuned by the displacement field.
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Three critical D—double-dome SC (magnetic field dependence, 12 mK) @
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* Superconductivity is tunable by displacement field, with double domes only in the intermediate
window.
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Three critical D—double dome SC (bias current dependence, 12 mK) &)
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Z.. Zhou et. al. Gate-tunable double-dome superconductivity in twisted trilayer graphene, Nature Physics 21, 1773 (2025).
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Supermoiré—supermoiré lattice by spectroscopic measurement

S. Turkel et al.: Science 376, 193 (2022) [. M. Craig et al.: Nature Materials 23,323 (2024)

Interference of two moire lattices can result in a supermoiré lattice!

See also:

Y.Li et al.: Nano Letters 22, 6215 (2022),

D. Park et al.: arXiv 2402.15760 (2024),

C.-Y. Hao et al.: Nature Communications 15, 8437 (2024),
J. C. Hoke et al.: arXiv 2410.16269 (2024)

&
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Supermoiré—mirror symmetry broken TTG &}
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* The n-D mapping is asymmetric with respect
toD=0V/nm.

* Superconducting states and many other
resistive states exist in the n-D mapping.

Two twist angles are different!

23



Supermoiré—extraction of two twist angles
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Supermoiré—Brown-Zak oscillations due to supermoiré lattice &i
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* The expected supermoiré lattice length is A;,,,_.,; = = 30.8 nm.
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Supermoiré—interaction-driven iso-spin symmetry breaking &i
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The strong interaction results in iso-spin symmetry breaking states!
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Supermoiré—cascade of superconductor-insulator transitions
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Resistive states slice the superconducting dome into smaller domes!
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Supermoiré—two pictures for SC-I transitions &i
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Distance between nearby insulators corresponds to half filling of supermoiré lattice!

Z. Zhou et. al. Strong Correlations and Superconductivity in the Supermoiré Lattice, Nature Physics 22,225 (2026).
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Supermoiré—conclusion @

* Interference between two moiré lattices results in supermoire lattice, strongly altering the
band structure.

* Iso-spin symmetry broken states and superconductivity appear in the supermoiré mini
flat bands.

* The supermoire lattice offers a platform to discover and design unexpected electronic
quantum phases.
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We showed the gate tunable double dome superconductivity in MATTG.

* We show there are three critical displacement fields in MATTG, which may uncover the double
dome nature in MATTG.
* We observe the existence of supermoiré lattice in the mirror symmetry broken TTG.
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Rhombohedral graphene
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Rhombohedral graphene

Low energy and dispersion follow a power law: E ~ kV

At surface layers: Touching pair of flat conduction and valence bands + High density of states at low energies and
carrier densities

Berry curvature gives rise a Berry phase of Nmr for N layers per layer at the valleys

Flat bands and Berry curvature are gate-tunable
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The Zoo of Superconductivities in RG

Crystalline: TMD-proximized: w/ hBN-moiré:
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Chiral Superconductivity in RG
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Quantum anomalous Hall states RG
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Rhombohedral graphene
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Rhombohedral graphene pentalayer

Z. Zhou et al., Submitted (2026)

See for more T. Han et al., arXiv:2604.00113 (2026).

tg_“_ graphite

hBN

hBN

bg {}— graphite
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n — D under finite B

Z. Zhou et al., Submitted (2026)

R, (k9)

Both the ¢cSC1 and ¢SC2 phases are substantially
suppressed at 1T.

* Region I shows two competing states

* Region II shows RIQH

* Region III shows a low resistive state
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Bifurcation of Region I

Z. Zhou et al., Submitted (2026)

The boundaries of Region I shift toward higher
carrier density as the magnetic field increases.

The RIQH states emerge from the Wigner crystal
phase boundary.

RIQH states deviate from the Stfeda formula.

42

Z. Zhou et al., Submitted (2026)



Superconductivity in Region I Z. Zhou et al., Submitted (2026)

See also Ron Q. Nguyen et al., arXiv:2507.22026v3 (2025).
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out-of-plane magnetic-field-stabilized superconducting phase !!! .,



Sup erCOIlduCthlty Reglon I Z. Zhou et al., Submitted (2026)

2 4 6 82 4 6 8 3 4 5 6 7
n (cm?) x10'" n (cm?) x10" n (cm™) x10

* The less electron-doped side exhibits a negative Hall resistance, the metallic WC state.
* The more electron-doped side shows a nearly zero Hall resistance, a superconducting state.

boundaries are connected!
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Sup erCOndU.Cthlty Reglon I Z. Zhou et al., Submitted (2026)

Can there be any other explanation?

1000 ]
o\co
- o,
>, “. H,m  Anamalous Metal
* 500 £
T g
% a
g :
0 :
0 0.5 1
T (K)
Magnetic field
Non- zero Rxx and zero ny! ! Breznay and Kapitulnik, Sci. Adv. (2017).

Also, M. Yankowitz et al., Under review (2026). 45



Superconductivity Region III 7. Zhou et al., Submitted (2026)
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Summary Z. Zhou et al., Submitted (2026)

Four closely intertwined emergent phases 1n pentalayer rhombohedral graphene.
* A hole-doped mWC phase emerging along the boundary of a WC phase.

* In an out-of-plane magnetic field, we observe an fSC phase in the upper part of region I
and unconventional RIQH states in the lower part of region I.

* The phase boundary between the mWC and WC phases evolves continuously into the
boundary separating the superconducting and RIQH phases.

» All four states exhibit comparable critical temperatures.

* At high displacement fields, the RIQH states in Region I can be interpreted as emerging
from the Landau levels of an electron-doped mWC phase.
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