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1. Ginzburg-Landau theory for twisted
d-wave bilayers

Flw, vl = folunl + folynl + Ay %] W,

2
|

+B(y i +c.c)+ Clypy,° +¢.c.)

d-wave symmetry dictates B = — B c0s(20)

Assuming y; =y, Y, = l//ei<” we obtain free energy as
a function of the phase
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2. Microscopic theory - Continuum Bogoliubov-de Gennes

H = Z gkacltgackaa =+ g Z (CLO-lckO'Z +- hC)
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3. Excitation spectra in the bilayer for d._, + ¢'’d, order
parameter
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Ivity, protected edge modes

4. Topological superconduct

Consider a long strip geometry:

Spectral function
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5. Self-consistent theory on the lattice

Hubbard model with nn attraction and on-site repulsion

H = — Z LijClyaCioa — uan
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Solve using standard mean-field decoupling in the
pairing channel for commensurate twist angles

0, , = 2arctan(m/n)
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Long strip geometry

Self-consistent theory on the lattice
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Interaction effects, flat bands, graphene similarities?

Magic angles and current-induced topology in twisted nodal superconductors I p=mm==mm===—r===77]
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Experimental efforts
Artificial BSCCO Twist Junctions Philip Kim Group (Harvard)

Results
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We wish to understand how the anomalous increase in

I_R,, follows from a theory of Josephson tunnelling
between twisted d-wave superconductors.

Microscopic model - Continuum Bogoliubov-de Gennes

H = Z fkaczaackaa + g Z (CLglckJZ + hC)

koa ko One can show that the interlayer critical current has the form

+ ) (AkaCLTaCT_ma + h'C') =D AkalChgaclia):
— » 1(T) = Z Ay Agf2(S, T)
k

where €2(&,, T) > 0. In a dSC we have

A A, = Afcos2a + O)cos(2a — 0)

Nodal regions give NEGATIVE
contribution to 1.(7" = 0)
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Effect of temperature

 Thermal excitations break Cooper pairs and remove their contribution

to the supercurrent.

e Atlow T this happens primarily in the nodal regions

* Low-T thermal excitations therefore initially remove NEGATIVE
contributions to /. which is thus expected to INCREASE as a function

of temperature
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Experimental efforts: Evidence for T-broken phase

Artificial BSCCO Twist Junctions Philip Kim Group (Harvard)

Experiment [Zhao et al., arXiv:2108.13455] observes Fractional Shapiro steps can reflect the 7—periodic |-V curves

“fractional Shapiro steps” near 45 degree twist

A 0.1 1.0 /
4> ' ImA/cm2 B T(#) CAF(<P)
009 [4 5| \j\ | large v,
— 2 0.5}
0.08 = 2| I > /\/\ | .
% il \\o‘ =N ;
007 | - = LA S /
- - y - \\L_/L—/\m —2n -n 0 T »275 Nt \ /
K=Y 78K p (3% 0.0

§\ 0.06 : Rities 1 b%'{ j
N 1 X=— — N
‘—D-[I 005 §;<j / — AN _05 |

0.04 =

| _ small &
0.03 4 = —JT TT
0.021 44 6° : i 5 \=
487GHz 38 T mmn 70K ~
o . R T . L E— )
-2 0 1 2 1 2 5 o) 0 — 45
Voltage (hf/2e) Frequency (2e/hf) Spectral Power (arb) (C) 0 =15 5




NEW: Field-Free Josephson Diode Effect in twisted BSCCO

(from Alex Cui, Kim Group @ Harvard)

. . + — . + —
For samples with twist close to 45° they observe |17 | # |1 | Josephson Diode: [ < | Ibias | < I
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Because the current is odd under time reversal the non-reciprocal diode effect
requires broken time reversal symmetry




Theory: Diode effect in twisted Bi2212 bilayers

h 1
F(p)=E — —|Jeacosp — =Jacos(2p) |
2e 2

J

C

| x cos(20)

Flv, val = Folvn ]l + Folval + Ay 2| vs
+ By +c.c.)+ C(yiy;” + c.c.)

d-wave symmetry dictates B = — B cos(20)



Theory: Diode effect in twisted Bi2212 bilayers

The origin of non-reciprocal
critical current 1.0
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Whenever time reversal is broken

AND 0 # 45° we have J., # J._

which implies non-reciprocal
behaviour.
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However, if the NORMAL
state is T-respecting one

would expect to start
randomly from either
free-energy minimum.

—> One needs a
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A new theory prediction: The diode effect must vanish at exact 45° twist
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e Zero Field Diode Effect only appears near 45°
* Possible broken ground state degeneracy

Data courtesy of Alex Cui, Philip Kim group, Harvard



DALL-E: “Two scientists
pondering twisted high-Tc
cuprate superconductor”

Group members:
O. Can
T. Tummuru
E. Lantagne-Hurtubise




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 p
Topo

protected chiral edge modes

Gap opening can be detected through various
spectroscopies (ARPES, STM)

Summary and outlook

nase diagram also topologically non-trivial

ogical phase will show an even number of

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?

Are there other 2D systems (beyond graphene, chalcogenides, cuprates) that will produce interesting

new behaviors under twist or similar geometries?



Optical probes: Preliminary results
(Ziliang Ye group, SBQMI)

Top/bottom BSCCO flakes
\

Microscope

Twist BSCCO objective lens

Top: BSCCO exfoliated on PDMS

Bottom: BSCCO exfoliated on SiO,/Si
Glass slide ]
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Anomalous Hall and polar Kerr effect
(with O. Can, X.-X. Zhang, C. Kallin)

Polar

Kerr angle is related to Hall conductivity

on(w) = [ny(w) — O-yx(w)]/z

with

ou(w)

W n(n*—1)

This can be calculated from the standard Kubo formula
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* The Hall conductivity is nonzero and large in the d+id’ state of twisted Bi-2212
* The signal is about

than that predicted for
SraRu0g; this is chiefly due to much larger SC gap in the cuprate.
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Finite T behavior Real Bi2212 structure
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