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Rhombohedral (ABC)
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Phase diagram

H. Zhou, ..., A. Ghazaryan T. Holder, EB, M. Serbyn, A. Young (2021)
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Similar phenomena in MATBG: Zondiner et al., Wong et al. (2020)



Superconductivity!

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

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

GBG = ZUSkF ~ 40K

Resistivity

Resistivity should be
linearinT forT = Og;/4
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Puzzles (2)

SC1: singlet or triplet?
Hy = —JJ d?r Sk - Sy

Spin-polarized, valley-

unpolarized phases: | > 0

n

SC1is spin singlet: ] < 0??



Electronic mechanism

/

NEW MECHANISM FOR SUPERCONDUCTIVITY*

p’ -p’ p’ -p*  p -p’ -p’ p
W. Kohn
University of California, San Diego, La Jolla, California
and
p -p p -p p -p p-p

J. M. Luttinger  (1965)

2D, parabolic dispersion:
[y(q < 2kp) = const
No superconductivity to second order

A. Chubukov (1992) o (q)

Non-parabolic dispersion/multiple sub-bands:
Unconventional superconductivity! 0 1 2
E.g.: Raghu, Kivelson, Scalapino (2011); q/2kp
Raghu, Kivelson (2015); Chubukov, Kivelson (2017)




Electronic mechanism

In both SC1,2: annular FS
4 £(k) 4 e(k)




Circularly symmetric model
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A. Ghazaryan, T. Holder, M. Serbyn, EB, arXiv:2109.00011

SC from isospin fluctuations: S. Chatterjee, T. Wang, EB, M. Zaletel, arXiv: 2109.00002



Circularly symmetric model

Vo=~ = v (e 4 £(k)
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Realistic dispersion

1.01 0.06F
:2"‘ < ooof
F05 N —0.06p, =—,
= xz-direction —0.060.00 0.06
--=-- y-direction kza
0.0 ; ;
0.00 0.05 0.10 0.15
qa
S. wave  p-wave
0.5

N Olieli<e

1
He = ﬁz Vo,q PqgP-q

0.21

q
= > Aarxq Pl W
Pq akq¥PakWak+q
q,a

Aa,k,q = (un,a,k | un,a,k+q>

Beyond the linearized BCS equation:
Chiral A, + 14,

0.11
0.0 . . . !
2.5 2.0 -1.5 -1.0 -0.5 0.0
ne (10" cm™?)
*
Am\ ,’Ay
e L.
Ay AN

A. Ghazaryan, T. Holder, M. Serbyn, EB, arXiv:2109.00011



Singlet or Triplet: Hund’s Term

p-wave can be either singlet or triplet

K
+
<l/)Kle/)K kl) <1l)[-£’,_k”[¢]1;kl ¢ #0 é ﬁ
+

P gt
<1/)K’k’5(laza)slsrl,bK,,_k,s > dk * 0

Long-range Coulomb interactions: SU(2)xSU(2) symmetry
Singlet and triplet are degenerate!



Singlet or Triplet: Hund’s Term
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H; = —J [ d?r Sg - Sy ]~102-£
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Chiral A, + iA: (s MY, (@) =0

H; drops out of gap equation!
== [ Jor =5 S0
rr’

J(@) =Jo + J2(apq)? +
E.g.:

Jo > 0, J, > 0 favors: spin polarized, valley unpolarized state

spin singlet A, + iA,, SC



Order Parameter Topology and Current
Dissipation and in Spin-Polarized
Triplet Superconductors

Eyal Cornfeld Mark Rudner
(WIS—Classiq Technologies) (Copenhagen—U. Washington)

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



Triplet superconductivity in RTG

Solid state analogue
of superfluid 3He?
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Triplet superconductivity:

Strong electronic correlations
Nearby/coexisting ferromagnetism
Extremely clean
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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:
m,(S0(3)) = Z, Q

Z, superconducting vortex

Direction: axis of rotation
Radius: rotation angle
(antipodal points of radius m identified)




Consequences for current relaxation

Free energy density (assuming spin rotation invariance):

f="2vd|" +-2|v(d'xd)|

Represent order parameter by 2X2 unitary matrix u:
d = Tr[u(o, + ioy)ut&]

i 7 L
. . —0-0 . — Q0o
Spin rotation: u = ez’ °u, Gauge transformation:u — uez 9?3

. X
. I-TTNO37—
Supercurrent carrying state: u(¥) = e~ °lx

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



Consequences for current relaxation

Unwinding a phase twist of 4:

l'7r(n—1)cr3Li
X

> i7T<73Li iﬂalr
u(r,0<t<1)=e xe2 e

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



Consequences for current relaxation

Unwinding a phase twist of 4:

magL inng im(n— 1)035
urr,0<t<1l)=e xe2 e

Path requires mechanism to dissipate magnetization
(spin bath/coupling to leads)

Energy landscape: E

= b
AF {O we S22 4
max — \ 27° Ly, (km—(02n—1)rg)?>  k,, _ N
Lw(’im_”/‘;d) Kd = 2n 1 . ~

T

“Critical current density” depends on the system size!
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Double-period Josephson effect

L Triplet superconductor R

AC Josephson effect period doubling
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I:angevin simulation (ass_uming coupling to a spin bath)
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Half the usual Josephson frequency: w = - J—J; ~~VV

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



In-plane magnetic field

Optimize A:
) 1
VB

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



Summary

2D Annular Fermi surfaces are favorable for unconventional

superconductivity driven by Coulomb interactions.

Unconventional SC in ABC trilayer o%ge of’
graphene? % %
Most likely state: chiral p-wave «5,‘* h”* s

_|_827u/3 O +e4m/3©

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

Thank you!



