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Abstract: Twisted interfaces between stacked van der Waals Cuprate crystals enable tunable Josephson coupling, utilizing anis
superconducting order parameters. Employing a novel cryogenic assembly technique, we fabricate high-temperature Josephson junctions
atomically sharp twisted interface between Bi_2Sr 2CaCu_20_ {8+x} crystals. The critical current density J _c sensitively depends on the
angle. While near 0 degree twist, J_c nearly matches that of intrinsic junctions, it is suppressed almost 2-orders of magnitude but remaine
near 45 degree. J_c also exhibits non-monotonic behavior versus temperature due to competition between two supercurrent contributions frc
and anti-nodal regions of the Fermi surface. Near 45 degree twist angle, we observe two-period Fraunhofer interference patterns and fr
Shapiro steps at half integer values, a signature of co-tunneling Cooper pairs necessary for high temperature topological superconductivity.
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Moire Superlattice Engineering in van der Waals Interface

Twisted van der Waal interface of homo & hetero structure

Animation from Jarillo-Herrero group
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Twisted van der Waal interface of homo & hetero structure

Animation from Jarillo-Herrero group
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Correlated Quantum State in Twisted Graphene Bilayer

5 APRIL 2018 VOL 556 NATURE 43

ARTICLE

doi:10.1038/naturc 26160

Unconventional superconductivity in
magic-angle graphene superlattices

Yuan Cao', Valla Fatemi', Shiang Fang?, Kenji Watanabe®, Takashi Taniguchi?, Efthimios Kaxiras®* & Pablo Jarillo- Herrero!
| g

Correlated insulator
Cao et al., Nature 556, 80-84 (2018).
Burg et al., PRL 123, 197702 (2019).

Unconventional superconductivity

Cao et al., Nature 556, 43-50 (2018).

Yankowitz el al, Science 363, 1059-1064 (2019).
Lu et al, Nature 574, 653-657 (2019).

Magnetism and Quantum Anomalous Hall Effect
Sharpe et al., Science 365, 605-608 (2019).
Serlin et al., arXiv:1907.00261 (2019).

Trilayers double bilayers
Chen et al. Nature Physics 15, 237-241 (2019).
Chen et al., Nature 572, 215219 (2019).She et al., ArXiv 2019
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Double bilayers

Shen et al., arXiv:1903.06952 (2019).
Liu et al, arXiv:1903.08130 (2019).
Cao et al., arXiv:1903.08596 (2019).
Adak et al., arXiv:2001.09916 (2020)

TMDC/TMDC; TMDC/TBG

Tang et al. arXiv:1910.08673 (2019).
Regan et al., arXiv:1910.09047 (2019).
Wang et al., arXiv:1910.12147 (2019).
Arora et al., Nature 583, 379 (2020)
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Bi,Sr,CaCu,0q4,,: A Cuprate van der Waals Material

N. Poccia et al. Phys. Rev. Mater. 4, 114007 (2020)
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Bi,Sr,CaCu,0q4,,: A Cuprate van der Waals Material

N. Poccia et al. Phys. Rev. Mater. 4, 114007 (2020)
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Twisted Cuprate Junctions

ngme ARTICLES

P ySlCS https://doi.org/10.1038/541567-020-01142-7

'l) Check for updates

High-temperature topological superconductivity
in twisted double-layer copper oxides

Oguzhan Can®"?, Tarun Tummuru®?, Ryan P. Day®'? llya Elfimov'?, Andrea Damascelli®"? and
Marcel Franz @2

S.Y. F Zhao et al., arXiv 2108.13455

Magic angles and current-induced topology in twisted nodal superconductors

Pavel A. Volkov,” Justin H. Wilson, and J. H. Pixley
Department of Physics and Astronomy, Center for Materials Theory,
Rutgers University, Piscataway, NJ 08854, USA
(Dated: December 16, 2020)
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Nodal d-wave Superconductor

Cuprate Brillouin Zone D-wave order parameter
/ \ Ak = Ag(cosky — cosky)
K — ~~ BdG Hamiltonian:
y

- )\ (k) AK) [cr(k)
H—Zk: (cl(k)) (f_\*(k) —.;(k)) ((-I(k))

o (a®\ (vi-p va-p) (k)
K, ~ Zk: (ci(k)) (VA ‘p —vF-p) (ci(k))

near the nodal points

Gap vanishes at the nodal points + o
ermi surface
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Nodal d-wave Superconductor

Cuprate Brillouin Zone D-wave order parameter

/ \ Ak = Ap(cosky — cosky)

Kk \ BdG Hamiltonian:
y .
- (k) [ ek)  Ak) (k)
\\ // H—E(«M (”—\*<k> —f(k)) (fi(lﬂ)
Kx

- @)\ (vi-p va-p )\ (k)
K, -~ Zk: (ci(k)) (VA ‘p —Vg- p) (ci(k))

near the nodal points

Eo (k) = £,/v}k3 + 03 k2|

Gap vanishes at the nodal points +

Fermi surface
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Twisted Cuprate Junction

Stacked twist layer

Small twist angle

RD. e

Volkov et al. arXiv: 2012.07860

Double layer Nambu basis

T . B o
W = (a1, CT—klvakTZv CT—klz) 0=953° <0 0=36.87°> 0,
BdG Hamiltonian ;
H = Zk'l’khkg’k + E). coupling

layerl \ntertay
& Aa g O
h - k1 _gk 0 _g
k pumm—
g 0 & A2
0 —8& A S

ki
layer2 Can et al. Nature Phys (2021)
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Twisted Cuprate Junction

Stacked twist layer SC with broken TRS
Small twist angle [ Large twist angle \
a b
s il oy > dya o+ id

RD. e

Volkov et al. arXiv: 2012.07860

Double layer Nambu basis

T . B o
P, = (CkTI,CT_k“,CkTZ, CT—klz) 0=953° <0 0=36.87°> 0
BdG Hamiltonian ;
M= Zk'-pkhk?k + E). ¢ couplin®

layer1 \nter'

S A g @

h - k1 _51( 0 _g
k —
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Can et al. Nature Phys (2021)
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45° Twisted Junction: Superconductivity with Broken TRS

d;_},z+idxy .'g.: \ BdG Free Energy
?’ 4’ (’ s F(p) = Eo— 2ksT 3. In[2c0sh[Eya()/2k5T]]
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Experiments on Twist Cuprate Josephson Junctions

Bulk Crystals
30 hrs
‘below melting temperature’
It | WG I.’Uz‘
Bi-2212
@)
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Li et al, PRL 83, 4160 (1999); Zhu et al PRB 57 8601 (1998)
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Artificial Whisker Junctions
30 min
850 °C
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Natural Whisker Junctions
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Takano et al, PRB 65, 140513 (2002)
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Angle, ¢ (degree)

Latyshev et al, PRB 70, 094517 (2004)

Exfoliated Flakes
10 min
450-530 °C

1:Rn (mV) ®

Zhu et al, ArXiv 1903.07965 (2021)
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Fab in a Glovebox UHV

) Stackn?g Glovebox: H,0 Concentration 5 - 40 ppb [
e Selection ._

v" Deposition : J — ]
. MB o = z .

v Etch i’ 3 = o

v" Packaging

Evaporator: P <5 x 108 mBar

Direct connection
to argon glovebox

E-beam Cr evaporation source
Small Thermal Au evaporation source
Argon ion milling
Thermoelectric cooled sample stage
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Stencil Mask Lithography

Shift lithography to
different substrate

Microscope
objective

Vacuum grease—
BSCCO

raphen
Holes in SiN
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Stencil Mask Lithography

Shift lithography to
different substrate

Microscope
objective I .

Suction cup
SiN membrane
SiN mask
Vacuum grease
BSCCO

BSCCO / BN / Graphene
Holes in SiN

Technique advantages:
No air exposure
No heating
No solvent, no residue.

Technique capabilities .
Resolution: <200 nm
Alignment: <lum
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Ultra-Clean twisted BSCCO Interface

Stacking: Cryogenic PDMS Pickup

Low Adhesion
High Temperature
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A 4
High Adhesion
Low Temperature
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Ultra-Clean twisted BSCCO Interface

B

Stacking: Cryogenic PDMS Pickup
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Artificial Vertical Josephson Junction Characteristics

Josephson Junction Characteristics: 0° twist

Crystal 2 contacts 20 0= Oo' ' ' ’ T
F | | | I 15t T=9K (
1
10F il -
: -
I
1 T ! __..1 i
: L
0° twist -
0.8 J
o 4
00.6 B 1 1 1
& _ 0 05 1 1.5
go Al Junction Crystal 1 _ Current Density (kA / cm?)
' Critical switching current density is smaller than
but comparable to intrinsic BSCCO JJ.
0.2 * o
0 : ; . . BSCCQ intrinsic Junction
50 100 150 200 250 Junction Area ~1000 pm?
T (K) aab ] Yurgenset.al, PRB 53 RS87 (1996)

0 T ) Tl
VOLTACE imV)
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Artificial Vertical Josephson Junction Characteristics

Josephson Junction Characteristics: 0° twist
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Twisted BSCCO vdW Josephson Junctions
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Temperature (K) Temperature (K)

Temperature (K)

Twisted BSCCO vdW Josephson Junctions e

Philp Kim
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More than 24 junctions (so far): @ ranges 0° to 180°
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Twisting Angle Dependence I.R),

25 ! I I
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5L - 9 n o
» 30K , g - ® 0°<6<90°
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0 B 12K 1 a ﬂ '
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* Ay = AcosRay + 6), Ay, = Acos(2a;, — 6) Twisted d-wave order parameters
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Temperature Dependent Critical Current
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V (mV)
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Near 45° Twisted Josephson Junctions

I.Ry = 0.2mV

I./A = 0.04kA/cm?

| Rn (mV)

Reduced (~0.1 times of 0-twist), but finite I .R,,

Temperature Dependent Critical Current

1/A (KA cm?)

Temperature (K)

Fraunhofer Pattern with in-plane magnetic field
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0.04F J
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B, (G)

Well developed FP patterns suggest
high quality Josephson Junction.

sin(Ge)
P
Po

¢ = Bwt;  ¢o=2.0678 x 10715 Tm?

Fitting function: I = I¢q

Width: 11 um (measured)
Fitting Parameters: Thickness: 27 nm
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Fraunhofer Patterns in Twisted BSCCO Josephson Junction
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Two different Josephson current contributions

F(p) = Fo + 2Boy*[— cos(28) cos ¢ + K cos(2¢)]
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