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Outline

What do we know about correlation
effects in magic angle twisted bilayer
graphene?

MATBG: Open Questions

o

Correlations and Exotic superconductivity ‘s* o
in Rhombohedral trilayer graphene ;.,;.'g .
% (f*.ﬂ;

Spin-polarized triplet superconductors:
Order parameter topology and current
dissipation



MATBG, Four years on

“Correlated
Insulators”
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Superconductors

From: Balents, Dean, Efetov, Young (Nat. Phys. 2020)

What do we know for certain?

R. Bistritzer, A. MacDonald (PNAS, 2011); Y. Cao,...,P. Jarillo-Herrero (Nature, 2019); ...



Flat Bands in MATBG

B
Strong periodic
Landau levels
potential
* Mott insulators * Quantum Hall
Insulators
* Antiferromagnetic
interactions * (Generalized)
(superexchange) Ferromagnetism
* Localized moments, e Skyrmions, fractional
unconventional QH phases, ...

superconductivity, ...



Why Generalized
Ferromagnetism?

Topological bands

Wannier orbitals overlapping in space
w;, (x) Uu>0~0

%

I S VAL

g < Wannier

* Sy Jr =9V, function overlap

w2 :
gU > aT: spin/valley ferromagnetism!

Repellin, Dong, Zhang, Senthil (PRL, 2020)



Cascade of Phase Transitions

Measurements of u and Z—ﬁ by scanning SET

“Sawtooth” features survive at leastto T =~ 50K!

U. Zondiner, A. Rozen, D. Rodan-Legrain, Y. Cao, R. Queiroz, T Taniguchi, K. Watanabe,
Y. Oreg, E. von Oppen, A. Stern, EB, P, Jarillo-Herrero, S. llani (Nature, 2020)



Cascade of Phase Transitions

Fermi surface reconstruction near integer v

“Resets” of Hall density towards
ny = 0 at integer filling

Cao, ..., Jarillo-Herrero (Nature, 2019)

b

Shubnikov-de Haas oscillations:
“Landau fans” from integer v
pointing away fromv = 0

Magnetic field (T)

-Ng -3ng/4 -ng/2 -ng/4 0 +ng/4 +ng/2 +3ng/4 +ng
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Yankowitz, ..., Young, Dean (Science, 2019)

Magnetic field (T)




Cascade of Phase Transitions

Continuum Effective

model model
Toy model: U Zondiner, .., S. llani (Nature, 2020) 0.01

H=2€ak¢jrklpak+UJdrznanﬁ "“A//’EBL
ka azp \;

a,B =1,..,4 spin/valley indices cT@ky

DOS DOS
Mean-field solution:
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Orbital and Spin Magnetism

1 i v_=4 ______ C TF_O ________
Quantized anomalous Hall g | 5| AL AL
(v = 3 with aligned hBN): < | ! | = ey
. :
Sharpe,...,Goldhaber-Gordon N ) - ] 1 ey
(Science, 2019); o o bmamnn - iy et
Serlin,..., Young (Science, 2020) * 2 e R

7/

o valley + valley -

(x,y,v
Orbital magnetism (v = 1): A :
g ( ) 6 TL‘ 5 .‘n r ,
Grover, Bocarsly, Urli, Xiao, Yan, ’§4 40 l-,f, 'ﬁ
.., Stern, EB, Efetov, Zeldov 12_ 1 &. R, "' "
(Nat. Phys., 2022) . ;;!
0
B (M X(um)
_ in? a v =4n/n
In pIang (spm.) aMy _ du - 543210123 4
magnetization: dn  dB) ~ ak6=1.05° | = AR AR REREREE
Zondiner et al. (Nature, 2020); ‘3 0 =0.99° ! %%
Park et al. (Nature, 2021) 32 '\ g3
% 0 -T- §=§
Could have orbital component! 0 05 10 0

0. Antebi, A. Stern, EB (PRB, 2022) v



Microscopic model

“Standard model” of TBLG
H = I:IBM -+ V =
Hpm = /d27“ d (Hy + Hr)c V= 5 Z Vq0pq0p—q B
q
Project to narrow bands
. e e Kramers Inter-Valley =~
Zero bandwidth limit (W — 0) Coherence (KIVC): |
H has low-energy U(4) symm. - /
v = 0: spin/valley polarized, KIVC state degenerate o’ |
O < W « V Bultnick, Vishwanath,

Zaletel et al. (PRX, 2020)
Kramers Inter-Valley Coherent (KIVC) state selected

I) 40

Quantum Monte Carlo (no sign problem @v = 0) Ol g
> ‘-‘
Gapped KIVC state at magic angle Bofxwruzl rxxuanc
. 3
Continuous transition to semi-metal at 0 ~ 1.25° PP -

J. Hofmann, E. Khalaf, A. Vishwanath, EB, J. Y, Lee (PRX, 2022) 0L =




Challenges and Open Questions

* What is the nature of superconductivity?
- Symmetry of the superconducting order parameter?

OO ©E

 What s the nature of the insulating states at
even v? Broken symmetry? _ \ ,
- KIVC state? 2 o N
 Normal state: Fermi liquid? M 5 %&@@,@éé 8 j
“Strange metal”? L F I
-p(T) = py + AT asT — 0? LS ¢
Cao, Chowdhury,..., Jarillo-Herrero (PRL, 2020); O,oQ Q B
Jauoi, Das,..., Efetov (Nat. Phys., 2022) e T T A 510 %0 %00

T(K) T(K)




Outline

What do we know about correlation

effects in magic angle twisted
graphene?

MATBG: Open Questions

Correlations and Exotic superconductivity
in Rhombohedral trilayer graphene

Spin-polarized triplet superconductors:
Order parameter topology and current
dissipation



Rhombohedral (ABC)
trilayer graphene

% 1 O
| e e

q,;:qg e, - H k) = < Aq I (kx + Tiky)3 + ]/)
%} o? @'gl B(ky —tiky)’ +v —A,

Ay = eDd, ,7T = %1:valleyindex

-2 -1 0

Koshino, McCann (2009); Zhang, Sahu, Min, McDonald (2010)



Phase diagram

H. Zhou, ...,A. Ghazaryan T. Holder, EB, M. Serbyn, A. Young, Nature (2021)

Cascade of symm-breaking transitions (analogous to TBLG: Zondiner et al., 2020)
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Superconductivity!

Two phases SC1, SC2

T.1 ~100mK, T ., =~ 50mK
SC1: (probably) spin singlet,
SC2: spin triplet!

—120 mK — 40 mK

50} 150mK—90mK)
& |—1omK _—

[— x
o6e 0 © ™

2 19 18
n, (10" cm?)

Zhou, Xie, Taniguchi, Watanabe, Young, Nature (2021)



Puzzles

Conventional (acoustic phonon-mediated) s-wave?
Chou, Wu, Sau, Das Sarma (2021)

X Ap_pyp T
GBG = ZUSkF ~ 40K P e-ph

Resistivity

Resistivity should be
linearinT forT = Og;/4

0 02 04 06 0.8

T/@BG
40
H. Zhou et al. (2021) S 20
Q'
0 0] 10 20

T (K)



Puzzles (2)

Singlet or triplet?

-

Hy = —]J d?r §K $ Sk
K K’

SC2: normal state is spin-polarized = J > 0, triplet SC

SC1: normal state is spin-unpolarized = singlet SC??



Electronic mechanism

NEW MECHANISM FOR SUPERCONDUCTIVITY*
W. Kohn

University of California, San Diego, La Jolla, California

and

J. M. Luttinger  (1965)

Screened Coulomb interaction (RPA):

a a b -

+ M@@ 1 + N Hoq VO q 50
a b 40
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Results

o

Y
Q

— (1 a

Solution to the linearized BCS a—

\ —>—‘:—>—a a =$ ’
gap equation with I' = \\ — 1: + 2 1; + ..
q b —b bbb b ’Z —b
S+ wave p-wav
'0.5
0.4 ’(\
— -1/ < !;
Te=We 0.31 @ \ v
~<
W ~ Eg 0.2 |
0.11
0.0= : : : i
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
ne (10" cm=?)
AL A, Beyond the linearized BCS equation:

Chiral A, + iA,,
| ) [ /f\\ 21i/3 ( 41i/3 /)
NSNS A O T @

* e-e scattering conserves momentum: p(T > T,.) = const.

* Coulomb interactions favor spin singlet for SC1

A. Ghazaryan, T. Holder, M. Serbyn, EB, Phys. Rev. Lett. 127, 247001 (2021)



Outline

What do we know about correlation
effects in magic angle twisted §

graphene? *‘f%?

MATBG: Open Questions
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Spin-polarized triplet superconductors:
Order parameter topology and current
dissipation



Triplet superconductivity in RTG

Solid state analogue
of superfluid 3He?

| Solid (bee)
3r Superfluid

A phase

2 I Superfluid
B phase

Pressure (MPa)

Normal liquid
1 L

0 . L R

Gas
I}

0.0001  0.001 0.01 0.1 1
Temperature (K)

Triplet superconductivity:

Strong electronic correlations
Nearby/coexisting ferromagnetism
Extremely clean

-1.5

Very small spin-orbit: SC and magnetism
intertwined in interesting way?
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Order parameter of a spin-polarized
superconductor

Order parameter of a spin-triplet SC:

Cik = (C;:iO'ZO_ZCLJ — C_l)]_’k + l.jz’k

Fully spin polarized SC: ‘jl,k‘ = |672,k|, C_l)uc 1 C_iz,k

Order parameter space: SO(3) _ l d.xd*
. . . . = kXA g
(Neglecting spin-orbit coupling)

dy
No finite T transitionind = 2
Mukerjee, Xu, Moore (2006)



Topological defects

Polarized triplet superconductor:
nl(SO(B)) =7, (Z, superconducting vortex)

Unwinding a phase twist of 4:

E. Cornfeld, M. Rudner, EB, Phys. Rev. Research 3, 013051 (2021)



Double-period Josephson effect

Triplet superconductor R

AC Josephson effect period doubling

Current
~l

o 1 2 3 4 5 6
Time (7/2eV)

Half the usual Josephson frequency: w = %

Critical current: J. ~ 1/ ~+/B

"T is low enough such that vortex-antivortex dissociation is suppressed.



Summary

Astonishingly rich correlated electron phenomena in
multilayer graphene!

MATBG: Cascade of phase transitiosns, spin/valley
ferromagnetism, Chern insulators

Open questions: Symmetry of SC order parameter?
Broken symmetry at even v? Non-Fermi liquid?

QQQQQO,Q'

Unconventional SC in
ABC trilayer graphene? 'i-“*
'é .9

,;&
Most likely state: chiral
p-wave +827Tl/3@ _|_e4m/3 O

Fully spin polarized SC: fragility of
supercurrent due to topology,
double-period Josephson effect

Thank you!



