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Outline

Electron interferences at high-TC S/graphene interfaces
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 KLEIN TUNNELING OF HIGH-TC PAIRS
ELECTROSTATIC CONTROL

1

2 3

4

EF

graphenesuperconductor



Proximity effect mechanism: Andreev reflection

 ELECTRON/HOLE SUPERCONDUCTING PAIRS
METAL BECOMES SUPERCONDUCTING OVER 
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Band structure affects proximity effect
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 INTRA-BAND OR INTER-BAND PROCESS: 
TUNABLE BY DOPING
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Retroreflection (conventional)

Specular (unusual)



Band structure affects proximity effect
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 LINEAR DISPERSION: WAVE-VECTOR 
INDEPENDENT VELOCITY
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E(K)= ℏvFK



Band structure affects proximity effect
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 LINEAR DISPERSION: WAVE-VECTOR 

INDEPENDENT VELOCITY

NEW PHYSICS 
POSSIBILITIES ABSENT IN ORDINARY JOSEPHSON JUNCTIONS
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LOW CARRIER DENSITY
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NEW PHYSICS 
POSSIBILITIES ABSENT IN ORDINARY JOSEPHSON JUNCTIONS

 GATE TUNABLE JOSEPHSON JUNCTIONS

VG
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LOW CARRIER DENSITY
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Experiments with low-TC superconductors

Efetov et al. Nat. Phys. (2015)
Heersche et al. Nature (2007)

LIMITED TO LOW TEMPERATURES (~ 1K)
PRISTINE EFFECTS ONLY WITH ULTRA-CLEAN GRAPHENE



superconductor

EF

graphene

EF INHOMOGENEITY MUST BE SMALLER 
THAN SUPERCONDUCTING GAP  !!!! 
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Motivation for high-Tc superconductor/graphene

 SUPERCONDUCTING EFFECTS ROBUST AGAINST 
GRAPHENE INHOMOGENEITIES

 DIRECTIONAL EFFECTS
DUE TO D-WAVE SYMMETRY

superconductor graphene

 Linder et al. PRB (2008)

SUPERCONDUCTING GAP   ~ 10-30 meV
INSTEAD OF  ~ 1 meV
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Recent work on high-TC/graphene

STM
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high-Tc superconductor/graphene “complications”

-DEPOSITION OF OXIDE SUPERCONDUCTOR ON GRAPHENE NOT POSSIBLE
- OXIDE SUPERCONDUCTOR PRONE TO DEGRADATION

 NEW FABRICATION APPROACH REQUIRED
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high-Tc superconductor/graphene devices
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YBCO/Au on STO
+

CVD graphene

 ION IRRADIATION TO DEFINE PLANAR DEVICE
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Two different devices studied
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Two different devices studied
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SrTiO3 backgate properties

STO

S Ins

VG

 ONLY GRAPHENE ON INSULATOR IS DOPED
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SrTiO3 backgate properties
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 ONLY GRAPHENE ON INSULATOR IS DOPED
 FRINGE FIELDS: INHOMOGENEOUS DOPING
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SrTiO3 backgate properties

STO

Ins

VG

 DOPING PROPORTIONAL TO VG

 HIGH NATIVE DOPING ~1013 cm-2

𝑛 =
1

𝑒

𝜕𝐵

𝜕𝑅𝑥𝑦
~ 1013𝑐𝑚−2

from Hall measurements

𝐸𝐹 = ℏ𝑣𝐹𝑘 = ℏ𝑣𝐹 𝜋𝑛
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SrTiO3 backgate properties
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 VERY FAR FROM DIRAC POINT
 EF>>
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~ 1013𝑐𝑚−2

from Hall measurements
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STO

S Ins

VG

Measuring geometry

V

 CONDUCTANCE GRAPHENE/S - GRAPHENE/N
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Temperature dependent conductance

 SAMPLE-DEPENDENT INTERFACE TRANSPARENCY
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Gate dependent conductance

 PERIODIC MODULATION OF CONDUCTANCE
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Gate dependent conductance

 PERIODIC MODULATION OF CONDUCTANCE

STO

S Ins

VG

IVbias

-20 0 20
-100

-50

0

50

100

 



 

V
G
(V

)

V (mV)

0,8

1,0

1,2

1,4

1,7

2,0

A

 C

B

D



-100 -50 0 50 100

1

2



 

 

g

V
G
 (V)



Theoretical grounds

See also Bhattacharjee et al Phys. Rev. Lett. 97, 217001 (2006) for s-wave 27
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Superconducting / normal graphene interface model

 ELECTRON/HOLE INTERFERENCE EFFECTS
 BARRIER U0 SETS FERMI WAVELENGTH
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Superconducting / normal graphene interface model
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Superconducting / normal graphene interface model

 ELECTRON/HOLE INTERFERENCE EFFECTS
 BARRIER U0 SETS FERMI WAVELENGTH

STO

S Ins

VG

IVbias

Linder et al. PRB (2008)

χ = Τ𝑤 EF − U0 ℏvF

𝜒 = −𝑤kF=n

E ’F

U0

w

E F (VG)

superconductor normalbarriernormal’

Katsnelson et al. Nat. Phys (2006)
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Model simulations

Linder et al. PRB (2008)
Experiment

ሻ𝐸𝐹(𝑉𝐺

Theory

𝑤 = ℏvF Τ𝛿𝜒 𝛿𝐸𝐹 = 60 𝑛𝑚

Τ𝛿𝜒 𝛿𝐸𝐹 ~ Τ3𝜋 100

𝛥~ 20 mV 

KNOWN

FREE
𝐸𝐹
′

𝛼
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Theory vs. experiment

𝑬𝑭
′ =0.4 eV 𝜶=/4
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Gate tuning of superconducting carriers

 FRACTION OF SUPERCARRIERS TUNABLE BY GATING
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Conclusions

 HIGH-TC SUPERCONDUCTOR / GRAPHENE DEVICES
 GATE TUNABLE PROXIMITY IN CVD GRAPHENE
 ROBUST QUANTUM INTERFERENCE EFFECTS
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Theory vs. Experiment disagreement
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http://www.cost.eu/COST_Actions/ca/CA16218

 €€ for short term visits
 €€ for conferences and workshops

GET IN TOUNCH WITH THE NATIONAL PROPOSERS



Katsnelson et al. Nat. Phys (2006)
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STO~104 𝑑𝑆𝑇𝑂 = 500 m 

STO~10
4 𝑑𝑌𝐵𝐶𝑂 = 50 nm

𝛿𝑛

𝛿𝑉𝐺
= 𝜀0

𝑑𝑆𝑇𝑂
𝜀𝑆𝑇𝑂

+
𝑑𝑌𝐵𝐶𝑂
𝜀𝑌𝐵𝐶𝑂

2𝑒

−1

𝛿𝑛

𝛿𝑉𝐺
~ 5 1010 (cm−2𝑉−1ሻ.
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