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Abstract: Flat bands in Moire superlattices are emerging as a fascinating new playground for correlated electron physics. | will present the results of
several studies inspired by these developments. First, | will address the question of whether superconductivity is possible even in the limit of a
perfectly flat band. Then, | will discuss transport properties of a spin-polarized superconductor in the limit of zero spin-orbit coupling, where the
topological structure of the order parameter space allows for a new dissipation mechanism not known from conventional superconductors. If time
allows, | will also discuss the interpretation of new measurements of the electronic compressibility in twisted bilayer graphene, indicating a cascade
of symmetry-breaking transitions& nbsp;as a function of the density of carriersin the system.& nbsp;
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New Physics in Moiré
Flat Bands

Erez Berg

Johannes Hofmann, Debanjan Chowdhury,
Eyal Cornfeld, Mark Rudner
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Moiré is different

G. Baskaran

A new kind of strongly correlated system
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Twisted bilayer graphene E. Andrei et al.; Tutuc et al; Castro Neto et al.
(2007); Bistritser, MacDonald (2010); Cao, Harrillo-Jerrero (2018); ...

Twisted bilayer on bilayer P. Kim et al.; Jarillo-Herrero et al.; Shen, Zhang
etal (2019)

Trilayer graphene on HBN F Wang et al.; Goldhaber-Gordon, A. Young et al.
(2019)
Twisted TMDs Pasupathy et al. (2019); Shan et al. (2020)
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Moiré is different

G. Baskaran

A new kind of strongly correlated system

* Highly tunable band structure and%

* Valley, spin degree of freedom

* Interplay of band topology, superconductivity, and
strong correlations

* New probes not easily accessible in bulk materials
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Outline

e Superconductivity in flat bands

* Order parameter topology and dissipation in a triplet
spin-polarized superconductor

Johannes Hofmann eanjan
(Wis) Chowdhury(Cornell)

J. Hofmann, EB, D. Chowdhury, arXiv:1912.08848
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Superconductivity in
flat bands

w . .
e Reduced L increased role of correlations
w . -
e 0 limit: superconductivity?

g w
Often: T, — 0 since as i 0, T9 = 0 Emery, Kivelson (1995)

E.g. negative-U Hubbard model:
Te

Paiva, Scalletar et al. (2004)
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Superconductivity in
flat bands

* If Wannier functions are non-localizable (e.g., topological bands):
when W — 0,Tg o« U.Then, T, < U
Volovik (2011); Peotta, Torma (2015); Tovmasyan, Huber et al. (2016),
Xie, Bernevig et al. (2019); Park, Kim, Lee (2020)

e Superconductivityin  Tc
the limit W — 07?
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Superconductivity in
flat bands

* If Wannier functions are non-localizable (e.g., topological bands):

when W — 0,Tg o« U.Then, T, < U
Volovik (2011); Peotta, Torma (2015); Tovmasyan, Huber et al. (2016),

Xie, Bernevig et al. (2019); Park, Kim, Lee (2020)

e Superconductivityin  Tc

the limit W - 0?

Competing states?
Phase separation?

Page 8/27

Pirsa: 20110000



Pirsa: 20110000

. P
WM BSTTUTEC WCENCE

Explicit model

Negative-U Hubbard model with topological bands (C = +1)
H= Z ti"jc;racjg — U] zannﬂ
L,j,o J

Time reversal symmetry: (tllj) =t

ij
o
r\e4t
Q—= 0
N //
Y X, >\\V
s G
F— ~—
~ rd
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/ N
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Neupertetal. (2011)
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Explicit model

Negative-U Hubbard model with topological bands (C = +1)

H= z ti"jc;racjg — |U|anTnﬂ
J

L,j,o0

T
b

Time reversal symmetry: (tf]) =t
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QMC results

T, (from superfluid density p;(T,) = %TC)

T. - W =m0'83t
-A-W =
0.06} W = 0.03t

o 0.04y

0.02¢

0.0

0.0 0.5 2.0

Coupling U

J. Hofmann, EB, D. Chowdhury, arXiv:1912.08848
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QMC results

“Pseudogap” above T,
(from spin susceptibility)
Lo T,

0.00 0.05 0.10 0.15
Temperature T /U

—e— W = 0.83t,U = 0.5t
-Oo- W =0.03t, U = 2.0t

J. Hofmann, EB, D. Chowdhury, arXiv:1912.08848
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Phase separation

x¥n: Charge susceptibility ~ Small nearest-neighbor attractive

5 Xa: SC susceptibility interaction V: Phase separation!
—h
b) F =0.009 T4
U — 2t1 /;2
V= 02f1 ,@ - 3
oy | 9
B
@ JC) XAT/U FA Al 1
& xw /U w0+
0.0 0.2 04 O 0.0 0.2 0.4
Temperature T /U Temperature T/U
—o— W =10.83t,U = 0.5t Approximate SU(2) symmetry
e W=008E U =20 relating Yy and x, upon projection
to flat band

Tovmasyan, Huber et al. (2016)
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Outline

* Superconductivity in flat bands

* Order parameter topology and dissipation in a spin-
polarized triplet supegconductor

Eyal Cornfeld Mark Rudner
(WIS) (Copenhagen)

E. Cornfeld, M. Rudner, EB, arXiv:2006.10073
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Solid (bcc)

Solid state analogue
of superfluid 3He?

Superfluid
A phase

2 I Superiluid
B phase

Pressure (MPa)

Normal liquid

1 " 4_-‘r/ 1 Qe L .
0.0001  0.001 0.01 01 1 10 100
Temperature (K)

Triplet superconductivity:

— | e=105 ¢
. . 241 g=099 [
e Strong electronic correlations L |
* Nearby ferromagnetism 4 = 2
* — I
* Extremely clean = o |
0 05 1 15
L/
U. Zondiner, S. llani et al.,
Nature (2020)

Pirsa: 20110000 Page 15/27



Triplet superconductivity in TBG?

Solid (bcc)

Solid state analogue
of superfluid 3He?

Superfluid
A phase

2 I Superfluid
B phase

Pressure (MPa)

Normal liquid

1 " 4_—«// 1 L I L
0.0001  0.001 0.01 0.1 1 10 100
Temperalure (K)

Triplet superconductivity:

— | 8=105
i - 241 9=099 [
* Strong electronic correlations = ¥i
* Nearby ferromagnetism = 2
* Extremely clean X S o i
V i 13 - 0 05 1 15
ery small spin-orbit: SC and magnetism )
intertwined in interesting way? U. Zondiner: S, llani et al,

Nature (2020)
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Twisted double bilayer graphene:
a triplet superconductor?

 Bandwidth controlled by a
perpendicular electric field

Liu, Kim et al.; Cao, Jarillo-Herrero
et al.; Shen, Zhang et al. (2020)

* Correlated insulators observed near integer fillings. At half
filling, gap increases linearly with |B|: spin ferromagnet

* Onset of resistivity drop
(superconductivity?) near
half filling: Typser & | By
Triplet?

Liu, P Kim et al. (2020)
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Order parameter of a spin-polarized
superconductor

Order parameter of a spin-triplet SC:

c_l)k = (c;io‘zé"cjk) = &1,k + ic_l)z,k

Fully spin polarized SC: |c_i)1,k| = |dyl, 31,1{ L dyy

Order parameter space: SO(3) .
(Neglecting spin-orbit coupling) A%
E%)1 32

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

m,(S0(3)) = Z,
Z, superconducting vortex

Direction: axis of rotation
Radius: rotation angle
(antipodal points of radius  identified)
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Consequences for current relaxation

Free energy density (assuming spin rotation invariance):
K -,2 K - 50,2
f == vd| +=3v(d"xd)|

Represent order parameter by unitary matrix u:
d = Tr[u(o; + ioy)utd]

b L
. . L8 _ i
Spin rotation: u = ez’ °u, Gauge transformation:u — uez ¥3

. - innagi
Supercurrent carrying state: u(r) = e Ly

E. Cornfeld, M. Rudner, EB, arXiv:2006.10073
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Consequences for current relaxation

Unwinding a phase twist of 4:

iirir(n—l)fIgLi
X

N lno'gi Ea‘r
u@rr0<t<1)=e “Lxe2"'e¢

E. Cornfeld, M. Rudner, EB, arXiv:2006.10073
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Consequences for current relaxation

Unwinding a phase twist of 4:

3 incrgi L iiri.'(n—l)frgi
u@rr0<t<1)=e “Lxe2"te¢ Ly

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

Energy landscape:

0
B man = { 2% Ly (Km—(2n—1)Kq)?

La:(-":’rn _H:d)
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Consequences for current relaxation

Unwinding a phase twist of 4:

3 incrgi L iiri.'(n—l)frgi
u@rr0<t<1)=e “Lxe2"te¢ Ly

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

Energy landscape:

0
A J—— { 2% Ly (Km—(2n—1)Kq)?

La:(-":’rn _H:d)

“Critical current density” depends on the system size!

Ki ([ Km )
~ 1

Pirsa: 20110000 Page 23/27



Double-period Josephson effect

L Trplet superconducto R . - . .
R AC Josephson effect period doubling
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6o 1 2 3 4 5 6
Time (/1/2eV)

L_angevin simulation (ass_uming coupling to a spin bath)

V= V=21, V=31, V=4V,
Ly Lo LOF— .‘ LOF
0.5 y 0s5f /| 0.5 / 0.5}
200 ) = 00 =00 3 00f
—0.5} hd 05 v i —0st -0.5}
-0 ~10f -1.0 -1.0}
00 05 10 15 20 00 05 10 15 20 00 05 1.0 1.5 20 00 05 1.0 15 2.0
f"fl Hh 1t 1/

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

Pirsa: 20110000

Page 24/27



Double-period Josephson effect

L Trplet superconducto R i . . .
RS AC Josephson effect period doubling
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Time (/1/2eV)

L_angevin simulation (ass_uming coupling to a spin bath)

V=V, V=27, V=31, V=4¥,
0.5 | 0.5f /| / 0.5 /| /| / Uq "J /|
% , ) /| :. / /1 /] ) [AWawa
2 0.0f _ = 00f 2 o0of | / W W = oo /1 /]
-0 -0 -1.0 —1.0:-
00 05 10 15 20 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20
f"fl Hh 1t 1/
eV = \/—
Half the usual Josephson frequency: w = - J—=Jc ~VV

"T is low enough such that vortex-antivortex dissociation is suppressed.
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In-plane magnetic field

. 1
Minimize over A: l~\/—§

Critical current: J. ~ VB

E. Cornfeld, M. Rudner, EB, arXiv:2006.10073
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Summary

Moiré superlattices are a fascinating new playground
for correlated electron physics.

* Theoretically, superconductivity
- - - - W
can survive in the |ImltF - 0.

i w
Optimal ??

* Possible fully spin polarized SC:
fragility of supercurrent due to
topology of order parameter
space, double-period Josephson
effect

Thank you!
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