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Abstract: Structures composed of two monolayer-thin d-wave superconductors with a twist angle close to 45° are predicted to form a robust, fully
gapped topological superconducting phase with spontaneously broken time-reversal symmetry and protected chiral edge modes. In this talk | will
briefly review the theory behind the topological phase and discuss recent experimental efforts to fabricate and probe twisted flakes of high-Tc
cuprate Bi2Sr2CaCu208+?. Signatures of d-wave symmetry and of spontaneous T-breaking are indeed visible in the device Josephson current
response, as detected through Fraunhofer pattern and Shapiro step analysis, and, very recently, a pronounced superconducting diode effect observed
in samples near 45° twist but absent in untwisted samples.
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Nature Physics 17, 519 (2021); PRB Lett. 103, L100501 (2021); Phys. Rev. Lett. 127, 157001 (2021)
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The idea: Engineer a high-7. cuprate bilayer into a
topological superconductor

Monolayer cuprate, e.g. Bi2Sr.CaCu20s.s:
d,z_2 superconductor
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The idea: Engineer a high-7. cuprate bilayer into a
topological superconductor

Nature Physics 17, 519 (2021)

* In the presence of weak interlayer coupling this
setup has a potential to produce a dxz_},z =+ idx},
superconductor

e This is a fully gapped topological SC with protected
chiral edge modes

* Exhibits spontaneous broken time reversal
symmetry

Monolayer cuprate, e.g. Bi2Sro.CaCu20s.s:
d,_2 superconductor
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Article

High-temperature superconductivity in
monolayer Bi,Sr,CaCu,0Og, ;

https://doi.org/10.1038/841586-019-1718-x
Received: 2 April 2019

Yijun Yu'*3, Liguo Ma'?¥"*, Pang Cai***", Ruidan Zhong®, Cun Ye'??, Jian Shen'*, G. D. Gu®,
Xlan Hul Chen®"** & Yuanbo Zhang"***
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1. Excitation spectra in the bilayer for . . + eid}dxv
order parameter

0=953"<é 8 =3687"> 0"
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2. Ginzburg-Landau theory for twisted
d-wave bilayers

Fly,vs] = folvn] + folyn] + Ay |2|W2 |2
+Byy} +c.c)+ Clyjw,” +c.c)

d-wave symmetry dictates B = — B, cos(26)

Assumingyq =y, Y, = y/eiq’ we obtain free energy as
a function of the phase

F(p)=F+ ZBOI;/2 [— cos(20)cos p + K cos(2(p)]
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3. Microscopic theory - Continuum Bogoliubov-de Gennes
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4. Topological superconductivity, protected edge modes

Consider a long strip geometry:

Spectral function

Alk,, w)
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5. Self-consistent theory on the lattice

Hubbard model with nn attraction and on-site repulsion

H=- Z tijc;roacjcra - ﬂznia’a

ij,0a ioa
1.
% E Vijnianja — E 9ijCig1Cio2;
ij,a ijo
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Self-consistent theory on the lattice Long strip geometry
Tunneling density of states and edge modes
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Interaction effects, flat bands, graphene similarities?

Magic angles and current-induced topology in twisted nodal superconductors

arXiv:2012.07860v1 [cond-mat.supr-con] 14 Dx

Pirsa: 22110063

Pavel A. Volkov,* Justin H. Wilson, and J. H. Pixley
Department of Physics and Astronomy, Center for Materials Theory,
Rutgers Universily, Piuscataway, NJ 08854, USA
(Dated: December 16, 2020)
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Experimental efforts

Exceptionally clean and ordered interfaces

R!RMK

50 100 150 200 250
Temperature (K)

Pirsa: 22110063

I, R, (mV)

Results
B 25 T T -
k, X L]
20+ B d §
P '_,0 — = o
— — o (=Y e e
)E.15 3 L] i ;‘ . . , d
T . Vool -
%o} S e -
: o |Acos(28) &
5. 30k g e 0°sAs 80°
= 12K B ;~h! : o 90° <0 < 1807
0
o° 22.5° 45° 67.56° a0®
0= 0 mod 90°
16 T : T T v T T T
ﬁ: 0°
o
1l T%s%s d
S5
P
121 w‘mnoaooou 1
\ 'Ill' %
101 o;ﬁbﬁm.“’_'(:;_.m °°°auo° 1
8 o5 3 *q'*“.,, %
i g =, °°o )
% L
2 o oo .,n.u_q:e_ OD
61 & © o 1
29" &b ' b °
A 9% S,
- G
) o
) o
2l jier X5 1
. AcfafunRm
0 10 20 a0 40 50 60 70 80 a0
Temperature (K)

Zhao et al., arXiv:2108.13455

Page 14/21



Experimental efforts
Artificial BSCCO Twist Junctions Philip Kim Group (Harvard)

Experiment [Zhao et al., arXiv:2108.13455] observes Fractional Shapiro steps can reflect the z—periodic |-V curves

“fractional Shapiro steps” near 45 degree twist
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High-temperature superconducting diode

Sanat Ghosh, " Vilas Patil,! Amit Busu,! Kuldeep,! Digambar A.

Tata Institute of Fundamental Research,
Homi Bhabha Road, Mumbai 400005, India

Jungade,! Ruta Kulkarni,! A. Thamizhavel,! and Mandar M. Deshmukh?®:t

' Department of Condensed Matter Physics and Materials Scienee,
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Anomalous Hall and polar Kerr effect
(with O. Can, X.-X. Zhang, C. Kallin)

Kerr angle is related to Hall conductivity
on(w) = [o(w) — oy(w)]/2

with

471' og(w)
Ielw) =2 [n(nz—l))

Polar

This can be calculated from the standard Kubo formula

ie’T

Z Tr[VxGO(ks wn)VyGO(k, wn "I" Vn)]

ny(Vn) -
Un k,w,

3.x10°% p ::
2.%10°6 | ".‘
3 E
“o 1.x10°% | |
T :
b e
~1.x107% }

aulw) [83/h]

* The Hall conductivity is nonzero and large |n the d+ld' state of twisted Bi-2212

¢ The signal is about 3 orders of magnitude str
Sr2Ru04; this is chlefly due to much larger SC gap in the cuprate.
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> than that predicted for

Prediction for Sr.Ru04
[Taylor and Kallin, PRL 108, 157001 (2012)
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Looking ahead: Majorana Fermions? Majorana modes materialize

Condensed-matter physicsts are steadily closing in on exotic excitalions known a5 Majorana modes that could
advance hoth fundamental science and quantum computing

Jason Alicea

* Topological superconductors often host Majorana zero modes at
vortices, corners, or other defects.

T-Junction &' n

- Majorana,
Tero mades?

TOPOLOGICAL MATTER

Evidence for Majorana bound states
in an iron-based superconductor

TOFOLOGICAL MATTER

Observation of Majorana fermions in

Dongfei Wang"™*, Lingyuan Kong"**, Peng Fan"**, Ilui Chen’, $hiyu Zhu'?,
T i e T T ferromagnetic atomic chains on
Ruidan Zhong®, Genda Gu®, Liang Fu®, Hong Ding"***{, Hong-Jun Gao"™"*} a superconductor
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Twisted cuprate bilayer on top of a topological insulator
Variation on the Fu-Kane construction

[Mercado, Sahoo and Franz, PRL 128, 137002 (2022).

» Twisted cuprate bilayer supplies fully gapped high-T¢
superconductivity

* Tl surface provides the requisite spin-orbit coupling

* Will this setup host Majorana zero mode in the vortex?

* We solve the problem by an approximate analytic
approach and exact numerical diagonalization
¢ Clear evidence for MZM bound to the vortex core

I+1 "
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Maximally twisted double-layer spin-triplet valley-singlet superconductors
[arXiv:2206.05599]

* Rhombohedral trilayer graphene, Bernal bilayer graphene and
ZrNCl are thought to be spin-triplet valley-singlet
superconductors with f-wave order parameter.

* We consider a bilayer formed of such a STVS material close to
‘maximal’ twist angle of 30°,

[Zhou, Egan, Kush, Franz, arXiv:2206.05599]

Gapped trivial SC (disconnected FS)

_m.:n. J+if SC (single FS) * For a range of electron density and twist angles the
Nodal f 4™ gapped trivial SC combined system forms a spontaneously T-broken

N Cltrol £ 44 SC (double FSs) phase with f + if” order parameter.
Model 15" il L * This chiral phase exhibits non-Abelian topology: it
POt e hosts an odd number of chiral Majorana edge

S TRy Sraoson modes and a single Majorana zero mode in the

) | . || ‘ -== 2" Lifshitz transition Vortex core.
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Summary and outlook

* Natural models of coupled layers of d-wave SC predict
a T-broken phase when the twist angle is close to 45°

¢ The resulting phase is fully gapped and over much of
the phase diagram also topologically non-trivial

* Topological phase will show an even number of
protected chiral edge modes

¢ (Gap opening can be detected through various

spectroscopies (ARPES, STM)

e T-breaking can be probed directly (polar Kerr effect, SC
diode effect, fractional Shapiro steps)

Some interesting open questions:

1. What is the best way to observe the topological phase experimentally?
2. Are there any interesting uses for this novel topological superconducting phase once identified?

3. Are there other 2D systems (beyond graphene, chalcogenides, cuprates) that will produce interesting
new behaviors under twist or similar geometries?
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