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Non-reciprocity: a familiar concept

The p-n junction is at the basis 
of classical electronics.

Magneto-chiral anisotropy:

𝑅 = 𝑅0(1 + 𝛾𝑀𝐶𝐴 Ƹ𝑒𝑧𝐵 × Ԧ𝐼)

• Non-linear effect

• TRS-breaking required

• Elusive in CM systems

𝛾𝑀𝐶𝐴
𝐸𝑆𝑂𝐼

𝐸𝐺
∼10−3-10−2 T−1 A−1

Rikken et al., Phys. Rev. Lett. 87, 236602



• Superconducting order defines a new 

energy scale: 

EG ≫ Δ ∼ meV

• MCA is strongly enhanced (105) in the 

resistive state

• What happens to the supercurrent? 

MCA in superconductors

Wakatsuki, R. et al., Sci. Adv. 3, e1602390 (2017)

SUPERCURRENT DIODE EFFECT



First observations of SDE



SDE in different systems 

Twisted bilayer graphene

Diez-Merida et al., arXiv (2021)

Topological semimetal (NiTe2)

Pal et al., arXiv (2021) Wu et al., Nature 604, 653–656 (2022)

Van der Waals materials

Bauriedl et al., Nat Commun 13, 4266 (2022)



Ingredients for intrisic SDE

• Time-reversal breaking mechanism

• Broken inversion symmetry 

• Robust superconducting phase

SNS junction + SOI + Zeeman field

𝐁𝐢𝐩Ideal candidate: 
strong SOI and large effective g-factor
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InSb: a convenient material

𝐸𝐺 = 0.23 eV                                             mid-IR range devices

𝑚∗ ∼ 0.018𝑚𝑒

𝜇𝑏𝑢𝑙𝑘 = 7.7 × 104 cm2/(Vs)

𝑔𝑏𝑢𝑙𝑘
∗ ∼ 50 spintronics

high-speed electronics

not only for searching Majorana zero modes!



InSb nanostructures

• InSb nanowires:

• InSb quantum wells: 

Thick buffer layers are 
required due to lattice 
mismatch

Nat Commun 10, 3764 (2019)

Nano Lett. 2019, 19, 6, 3575–3582



A novel approach: 2D nanoflags

Nano Lett. 16 (2016) 834

Adv. Mater. 31 (2019) 1808181

Nano Lett. 16 (2016) 825



From nanowires (1D) to nanoflags (2D)

I. Verma et al., ACS Applied Nano Materials 4 (2021) 5825

tapered InP nanowires are used as stems

the 2D shape is obtained with directional fluxes



Growth of InSb nanoflags via CBE

I. Verma et al., ACS Applied Nano Materials 4 (2021) 5825

• ZB lattice
• defect-free crystal

Nanoflags:

❑ 𝑡 ∼ 100 nm
❑ W ∼ 500 nm
❑ 𝐿 ∼ 2 𝜇m  

Isha Verma



Nanoflag in Hall bar geometry 

Sample geometry:

❑ 𝑡 ∼ 100 nm
❑ W ∼ 325 nm
❑ 𝐿 ∼ 1.5 𝜇m  

Leads:
Ti/Au 10/190 nm

Substrate:

Si/SiO2

I. Verma et al., ACS Applied Nano Materials 4 (2021) 5825



InSb NF characterization @ T= 4.2 K

Hall mobility: 
𝜇𝐻 = 2.95 × 104 cm2/Vs
@ n = 8.5 x 1011 cm-2

I. Verma et al., ACS Applied Nano Materials 4 (2021) 5825

Field-effect : 
n-type conduction
𝜇𝐹𝐸 = 2.8 × 104cm2/Vs

Mean free path:
𝜆 ∼ 500 nm 
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NF-based Josephson junction

Deposition of superconducting leads
150/10 nm Nb/Ti

Super-normal-super junction

𝑇𝑐 = 8.44 𝐾 ⇒ Δ = 1.28 meV

❑ 𝜆𝑀𝐹𝑃 = 500 nm

❑ 𝐿 = 200 nm

❑ 𝜉𝑆𝐶 = ℏ𝑣𝐹/Δ ∼ 750 nm

SHORT 
JUNCTION

BALLISTIC REGIME

S. Salimian et al., Appl. Phys. Lett. 119, 214004 (2021) T= 250 mK

Sedighe Salimian



Gate-controlled supercurrent

S. Salimian et al., Appl. Phys. Lett. 119, 214004 (2021) T= 250 mK



Multiple Andreev reflections

Matching condition for 
𝑛𝑒𝑉𝑛 = 2Δ∗

The model:

▪ M families of modes: i=1,..,M 
▪ 𝑁𝑖 transport modes
▪ 𝜏𝑖transmission coefficient
▪ Δ∗ =superconducting gap  

Best fit:

1
40
0.94
160 𝜇eV

Michal P. Nowak

𝑽𝑩𝑮

T= 250 mK



IV characteristics vs. temperature

𝜏 ∼ 0.99
Δ∗∼ 110 𝜇eV

2 μm

𝐼𝑟𝑡
−𝐼𝑠𝑤

−
𝐼𝑟𝑡
+

𝐼𝑠𝑤
+



Josephson-FET

𝑽𝑩𝑮

T= 30 mK
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Design of the experiment
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In-plane magnetic field effect



Switching current asymmetry

Main features:

➢ antysimmetric behavior

➢ linear around 𝐵 = 0

➢ rounded maximum 

➢ suppression at B ≳ 20 mT

➢ 𝜃-dependent polarity



Retrapping current asymmetry

Different magnitude: 
remappable  on 
T-dependence



Dependence on the angle

An educated guess:

Δ𝐼𝑠𝑤 ∝ |𝑩 × 𝑰|



Symmetry-breaking mechanism

How to break the equivalence 𝐼𝑐
+ = 𝐼𝑐

− ?

𝛼: Rashba SOI
𝛽: Dresselhaus SOI

𝐻 = 𝐻0 + 𝐻𝑆𝑂𝐼 𝛼,𝛽 + 𝐻𝑍 +𝐻𝑆

𝛼 + 𝐵𝑖𝑝,⊥

𝛽 + 𝐵𝑖𝑝,∥

Rasmussen et al., Physical Review B, 93(15) (2016) 



Dominant Rashba-type SOI
𝑚 = 𝛼 sin 𝜃 + 𝛽

𝛼 = 2.9 ± 0.2 𝑇−1

Δ𝐼𝑠𝑤/2𝐼0 = 𝑚𝐵𝑖𝑝 + 𝑞 ⇒ 𝜂 ∝ 𝐵𝑖𝑝,⊥



Finite momentum superconductivity

Strong RSOC + s-wave SC + 𝐵𝑖𝑝,⊥: 𝑞𝑣𝐹 = 𝑔∗𝜇𝐵𝐵𝑖𝑝,⊥

Hart et al., Nature Physics, 13(1), 87–93(2017) 

Dolcini et al., PRB 92(3) (2015)

Davydova et al., Sci. Adv (Vol. 8) (2022)

anomalous phase shift spatial modulation of Δ∗
Josephson diode effect

in ballistic junctions

𝜂 ≡
𝐼𝑐
+ − 𝐼𝑐

−

𝐼𝑐
+ + 𝐼𝑐

− =
2𝑞𝑣𝐹
𝜋Δ∗

𝛼𝑡ℎ(InSb NF) ∼ 8.5 𝑇−1



𝐴1 = 0.8
𝜑0,1 = 0.3
𝜑0,2 = 0.2

Josephson diode effect : ballistic junctions + anomalous CPR

➢ Skewed CPR

➢ Anomalous phase shift

The CPR point of view

𝐼 = 𝐼0

𝑛

𝑐𝑛 sin(𝑛𝜑)

𝐼 = 𝐼0

𝑛

𝑐𝑛 sin(𝑛𝜑 + 𝜑0,𝑛)

Baumgartner et al., Nature Nanotechnology, 17(1), 39–44 (2022)



Dependence on the temperature



Effect of the back-gate



Outlook: gate-controlled SOI

The idea: to tune the effective
geometry and the SO coupling
with side gates



Outlook: Shapiro steps  

Andrea Iorio



Summary

•Free-standing InSb nanoflags via CBE:
• defect-free quasi-2D ZB structures
• high-mobility devices

• InSb nanoflag-based Josephson junction:
• high-trasparency of the interfaces
• ballistic transport
• gate-controlled supercurrent

• Josephson diode effect:
•magnetic field-driven rectification
• analysis of SOC in the system
• evidence of finite-momentum superconductivity

Ԧ𝑰

𝑩𝒊𝒑
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