EXP: JC Estrada Saldana, JP Cleuziou, EJH Lee, R. Mizokuchi, P. Torresani,
S De Franceschi (CEA)

MATERIAL: D. Ercolani, L. Sorba (NEST, Pisa);
X Jiang, CM Lieber (Harvard);
D Car, E Bakkers (TU Eindhoven);
M. Myronov (Warwick)

THEORY : R Aguado (CSIC Madrid), R Zikco (1IS);
YM Niquet (CEA)



Majorana fermions in semiconductor nanowires

Lutchyn et al., PRL (2010)
Oreg et al., PRL (2010)
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Spin-orbit & B Coulomb interactions
=> helicity

One-dimensionality

Superconducting pairing correlations



Outline

Superconducting proximity effect in:

e Strongly confined (0-D) quantum dot
e Quasi-ballistic (quasi 1D) junction



Quantum dot/impurity coupled to a superconductor

Glazman & Matveeyv, JETP Lett. (1989)
Vecino et al, PRB (2003)

Bauer et al., J. Phys. Cond. Matter (2007)
Meng et al., PRB (2009)

S (e.g. Pb)

[see e.g. A. V. Balatsky, Rev. Mod. Phys. (2006)]

Impurity (e.g. Mn)



Quantum dot coupled to a superconductor

* Just one spin-degenerate level
e QDfilling:N=0,1,or2

Relevant energy scales:
A U, g T

Vi

supercond. Gate tunable
pairing
correlations Single-electron
charging

charge
fluctuations



Lowest-energy states and phase diagram

<N>=1

singlet

doublet
€,/U

Possible ground states (large A limit):

Spin doublet (odd)
DY= 1) [T)

BCS-type spin singlet (even)

'SY==v"|T 1) +ul0)




Andreev levels as elementary sub-gap excitations

Tunnel spectroscopy of the
Andreev levels

Related works on Andreev level spectroscopy:

Deacon et al., PRL (2010)

Pillet et al., Nature Phys. (2010), PRB (2013)
Dirks et al., Nature Phys. (2011)

Chang et al., PRL (2013)



Andreev levels as elementary sub-gap excitations

Tunnel spectroscopy of the
Andreev levels
(or Yu-Shiba-Rusinov states)_

v V

I

tip
tunnel

Pb,Nb...
Mn,Gd,Fe,...

Yazdani et al. (1997), ..., Franke et al. (2011), ...



Our devices

d~20-30 nm

A,

208 &P
A, ha i

InAs/InP core/shell

nanowires
(Lieber’s group)

quantum dot
d <2ITIIIIS

Normal contact used as a
weakly coupled tunnel probe

Si p++ Local plunger gate le. I'y<<TIy




S-QD-N geometry and Andreev level spectroscopy

d~20-30 nm
)

ol InP
InAs
InAs/InP core/shell

nanowires
(Lieber’s group)

208

quantum dot
d S

Sipt++

Local plunger gate

Normal state (B =30 mT > B )

Vig (mV)




Tunnel spectroscopy of sub-gap states in the “weak” coupling regime

singlet

doublet

510 520 530 540
Vig (mV)




Let’s increase the S-QD coupling....

singlet

' doublet

510 52 530 540
Vig (mV)




Increasing S-QD coupling induces a doublet-to-singlet quantum phase transition

doublet GS

Back-gate voltage used to tune S-QD coupling

(always I << T)




Corresponding normal-state Kondo regime

doublet GS

singlet GS




NRG fitting of the normal-state linear conductance




NRG fitting of the normal-state linear conductance




Superconducting regime: experimental data vs NRG (dashed lines)




QD-S phase digram: experimental vs NRG (dashed lines)

o > |.=I. Sin[Ao]

o > | = |, sin[Ap+ 1]

Van Dam et al., Nature (2006)
Maurand et al, PRX (2012)
Delagrange et al., PRB (2016)




Superconducting state (B=0)

Normal state (B =30 mT > B )

T~ HWHM




Observation of Zeeman splitting in the singlet regime (AI/InA@evice)

Vanadium Bc ~2T




Tunnel-spectroscopy experiments in S-nanowire-N devices

Au/InAs NW/V device

di/dV [2e%/h]
0.03

— N~
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Outline

Superconducting proximity effect in:

e Strongly confined (0-D) quantum dot
» e Quasi-ballistic (quasi 1D) junction



One-dimensionality in InSb nanowires

(2013)



Ballistic transport in InSb NWs

[Estrada Saldafna et al., arXiv:1709.02614]

[reproduced from Zhang et al.,
Nat. Comm. 8, 16025 (2017)]




Assessing 1D character of InAs nanowires

200 nm

SOURCE
DRAIN

NW



Device description

High critical field —— 123
(B.~1.8 T, T-~0.8K, A*~80 neV)

Large g—factorT '

. Ta
InAS nanowlire
; 200 nm

CBE-grown InAs NWs from
Sorba’s group (Pisa)

Drain

=
Z

Source

HfO, 3

S Bottom finger gates
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Electron g-factor: —11
Localized state: U~ 1.3 meV




=> Lever-arm parameter a = 0.008 meV/mV



“0.7”- type anomaly at B=0




“0.7” anomaly in quantum point contacts

[From Cronenwett et al. PRL 2002]

Possible origin:
Kondo-effect associated with a quasi-localized spin-1/2 state
[Theory: Meir, Hirose, Wingreen, PRL 2002]



Model:
Quantum dot with Gamma
quadratically increasing with Vg,









=> Lever-arm parameter a = 0.008 meV/mV



Critical current vs gate voltage: Experiment (fit with RCSJ model) vs Theory (NRG)




Critical current vs gate voltage: Experiment (fit with RCSJ model) vs Theory (NRG)




Critical current vs gate voltage: Experiment (fit with RCSJ model) vs Theory (NRG)

140 -135 -130 -125 -120 -1.15
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Critical current vs gate voltage: Experiment (fit with RCSJ model) vs Theory (NRG)




Conclusions

e Strongly confined (0-D) quantum dot coupled to a superconductor
[Lee et al., Phys. Rev. B 95, 180502(R), 2017]

» Accurately reproduced by a “simple” Anderson impurity model

e (Quasi-ballistic (quasi 1D) junction with superconducting leads
[Estrada Saldana et al., in preparation]

» Coulomb interaction relevant also for short, quasi-ballistic one-
dimensional wires

» Demonstrated B-induced re-emergence of a proximity
supercurrent



Tight-binding calculations (Y.M. Niquet)

B, =100 mT Rashba Hamiltonian:
E, =20 mV/nm Hso =0 o, E,

+3.217x10-! +3.217x10-!
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Tight-binding calculations (Y.M. Niquet)

C,
\,\&



Best 1D conductors: GaAs/AlGaAs high-mobility heterostructures

Very deep 2DEG!

I-wire =10 “m

Tarucha et al., Solid State Comm. 94, 413 (1995)



Best 1D conductor: GaAs/AlGaAs high-mobility heterostructures

Yacoby et al., PRL 77, 4612 (1996)



Superconducting proximity effect in InAs nanowires




Superconducting proximity effect in InAs nanowires




Outline

e 1D transport in bottom-up semiconductor nanowires
* Localization effects
e Superconducting proximity effect in a quasi-ballistic channel



Stacking faults in InAs nanowires

[from Bussone et al. J. Appl. Crystal (2013)]
[from Kretinin et al. Nano Lett. 2010]






Conductance quantization reported for Ge/Si core/shell nanowires

Lu et al. PNAS 102, 10036 (2005)

5nm



Conductance quantization reported for Ge/Si core/shell nanowires

Lu et al. PNAS 102, 10036 (2005)

5nm



One-dimensionality in InSb nanowires

(2013)



Assessing 1D character of InAs nanowires

200 nm

SOURCE
DRAIN

NW



One-dimensionality in InSb nanowires

[reproduced from Zhang et al., arXiv:1603.04069 ]



One-dimensionality in InAs nanowires (Heedt et al. Nano Lett. 2016)




One-dimensionality in InAs nanowires (Heedt et al. Nano Lett. 2016)







Ge-based hut nanowires

« Stranski-Krastanow growth

Mo et al. PRL 65, 1020 (1990),
* Elongated Ge hut clusters § znhang et al. PRL109,085502(2012)

» Oriented along [100] and [010] on Si(001)
« Triangular cross section

e LXxHXxW = 1000 nm x 2 nm x 20 nm Watzinger et al., APL Materials (2014)

STEM: A. Fuhrer and M. Rossell, IBM Research Ziirich



Device description

MOVPE-grown InSb NWs from
Bakkers’s group (Eindhoven)

Al :
InSb nanowlre

HfO,

Al

3

T Bottom finger gates



Underlying idea

Fixed V.
Al

Intermediate V

Same idea in
Igbal et al Nature 2013
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Gate sweeping configuration

Al :

HfO,
L

Al




InSb nanowire with Al contacts: Electrical tuning of subband degeneracy

Note:
for g =-50 (bulk InSb)
gugB=2.85meV@B=1T

Tuning comes from
Orbital & Spin effect







Main conclusions:

|g1|= from 28 to 55 => strong gate dependence

|27 50 - 55

Gate-dependent subband spacing:
AE~ 10 meV@ V=15V
AE~ 3meV @ V,=55V

Recovery of subband degeneracy at high B

Degeneracy is robust in field (sticking effect)

[Estrada Saldafa et al. (next week in cond-mat)]



|g1|z 30; |82|z >0

+ adjustable orbital shift
















[reproduced from Kammhuber et al., arXiv:1701.06878 |



