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Proximity induced 
superconductivity in N layer

Subject of the talk: unique superconducting properties of superconductor(S)/normal metal (N) hybrid

S >> N , DN /DS  >> 1

dN ~ dS ~ c,  c=(hDS/kBTc0)1/2 

q =  + 2A/0                v = hq/m
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Screening properties of SN bilayer

Dominant contribution of N layer to diamagnetic 
response at low T - temperature driven transition 
to type I superconductor ( > )?

S >> N , DN /DS  >> 1

q =  + 2A/0
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Transport properties of SN bilayer

Journal of Physics D: Applied Physics (2020)

S /N = 12-60, MoN(20nm)/Cu
DN /DS = 200, dS/c = 2, T/Tc0 = 0.2

Ic of SN bilayer is larger 
than Ic of single S layer



Finite momentum state and diode effect in SN hybrid

q(z) = +2A/0 = q0+2Binz/0

j(z) = en(z)q(z)      n(z) ~ D/2

I = j(z)dz=0      <q> = q(z)dz= q0  0

Particular direction – qNCS ~ [n , Bin].

Zero spin-orbit coupling 

PRB (2023)

   q(z) n z( )
N

S
x

z

Bin

I=0

 q
NCS

N

Sz x

y

Bin

I
+

I
-

w

dN

dS

x

(a) (b)

j(z)

I
+
dep < I

-
dep



Theoretical results (1D Usadel model)

dN = dS = 4c, c=(hDS/kBTc)1/2 

DN/DS = 100

Asymmetric I(q)  -I(-q), diode effect Ic
+  Ic

-  and nonreciprocal Lk(I)  Lk(-I) 
Ek= Lk(I)IdI/с2         Ek= m(v)vdv 
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Experimental results. Nonreciprocal Lk and diode effect

TheoryExperiment

MoN(40nm)/Cu(40nm), w = 4 m, L = 3 mm and 100 m , Tc ~ 7.8 K L=Lg+Lk (Lg ~ 4.7 nH)

Unexpected sign reversal of SDE at large Bin and its giant value !

-6 -4 -2 0 2 4 6

5

10

15

20

25

-4 -2 0 2 4

7

8

9

10

11

12

13

0 100 200 300 400 500

1

2

3

4

0 100 200 300 400 500
1

2

3

4

5

6

7

0 100 200 300 400 500
4

6

8

10

12

14

16

0 100 200 300 400 500

7

8

9

10

11

12

(a) (c)

(d)(b)

 0
 50
 100
 150
 200
 250

2.7K
 

L
(n

H
)

I(mA)

B
in
(mT)

4.6K

 
 

L
(n

H
)

I(mA)

4.6K

I
c

+

I
c

-

 

 
I c(m

A
)

B
in
(mT)

2.7K

I
c

-

I
c

+

 

I c(m
A

)
B

in
(mT)

 

 

L
(n

H
)

B
in
(mT)

 

 

L
(n

H
)

B
in
(mT)

-0.5 0.0 0.5

-0.5

0.0

0.5

-0.4 -0.2 0.0 0.2 0.4
1.0

1.5

2.0

2.5

3.0

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

5

10

15

20

-1.0 -0.5 0.0 0.5 1.0

-0.5

0.0

0.5

0.00 0.02 0.04 0.06 0.08 0.10
1.0

1.1

1.2

1.3

0.00 0.02 0.04 0.06 0.08 0.10
1

2

3

4

5

0.00 0.05 0.10 0.15 0.20
0.60

0.64

0.68

0.72

0.00 0.05 0.10 0.15 0.20
0.48

0.52

0.56

0.00 0.02 0.04 0.06 0.08 0.10

-0.2

-0.1

0.0

0.00 0.02 0.04 0.06 0.08 0.10

-0.2

-0.1

0.0(b)

T/T
c0

 = 0.6

B
in
/B

0
 0
 0.02
 0.04
 0.06

 

 

I/
I de

p,
S

q
0


c

(d)

B
in

 

 

L
k/L

k(I
=

0,
B

in
=

0)

I/I
dep,S

(c)

B
in

 

L
k/L

k(I
=

0,
B

in
=

0)

I/I
dep,S

(a)

 0
 0.02
 0.04
 0.06

B
in
/B

0

q
NCS

T/T
c0

 = 0.2

 I/
I de

p,
S

q
0


c

 

 

L
k/L

k(B
in
=

 0
)

B
in
/B

0

 

 

L
k/L

k(B
in
=

 0
)

B
in
/B

0

I+

dep

I-

dep

 I
de

p/I
de

p,
S

 

B
in
/B

0

I-

dep

I+

dep

 I
de

p/I
de

p,
S

 

B
in
/B

0

 

 

q N
C

S
 c

B
in
/B

0

 

 

q
N

C
S
 c

B
in
/B

0



Experimental results. Nonreciprocal Lk and diode effect

Sample A2 Sample A4

Unexpected sign reversal of SDE at large Bin and its giant value !
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Experimental results. Nonreciprocal Lk and diode effect

In-plane field Out-of-plane field 

Sample-dependent local defects lead to sample-dependent Ic(Bin).    

Lk is not sample-dependent, it is characteristic of whole strip.   
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Possible origin of sign change of diode effect at large Bin

Entry of in-plane vortices at B~Bc1 = 0/(dS+dN)2 ~ 320 mT ?
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Diode effect and nonreciprocal resistance near Tc

Sample A2

1) R ~ exp(-dF(I/Ic)/kBT)

2) Nonreciprocal viscosity 
of vortex motion (I)  (-I)
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Relation with existing experiments
Nature 2020

No measurements of Lk and diode effect in out-of-plane field

Main explanation:  spin-orbit coupling as an origin of the effect 



Relation with existing experiments

2017

d=20 nm

Main explanation: spin-orbit coupling as an origin of the effect 



Unique nonlinear kinetic inductance of SN hybrid

Maximum of I(q) at low q – suppression of proximity induced 
superconductivity in N layer.

0.0 0.2 0.4 0.6 0.8
0.0

0.2

0.4

0.6
I* ~ 0.502 I

dep,S

T* ~ 0.041 T
c0

d
S
=3

c

d
N
=1.5

c

D
N
/D

S
=20

T/T
c0

 0.02
 0.05
 0.1
 0.15
 0.3
 0.45

 

 

I/
I de

p,
S

q
c

0.45 0.50 0.55 0.60
1

10

100

T/T
c0

 

 

 0.041
 0.045
 0.05
 0.07
 0.1
 0.15

L
k/L

k,
S

I/I
dep,S



Experimental observation of peak on Lk(I)

MoN(40nm)/Cu(40nm), w = 4 m, 
L = 3 mm, Tc ~ 7.8 K

dS = 6c 

dN = 6c

T* = 0.025 Tc0 ~ 200 mK

M. Yu. Levichev, I. Yu. Pashenkin, 
N. S. Gusev, D. Yu. Vodolazov, Finite momentum 
superconductivity in superconducting hybrids: 
Orbital mechanism, PRB (2023).
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Magnetometer
NbN

LC contour with resonance frequency ~ 1/(LC)1/2
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Parametric amplifiers, up-converters, etc.

Lk(I) ~ Lk0 (1+I2/I*
2) – similarity with Kerr nonlinearity n(E) ~ n0(1+E2/E*

2)



Nonlinear kinetic inductance sensor of single microwave photons

1. Plateau on dependence ISN (qSN)  in SN bridge at T=T* and I=I*.

2.  Strong temperature dependence of ISN(qSN) near T* and I*.

3.  Change of   in the ring  is measured by  SQUID. 

4.  Superconducting counterpart of TES .

Nonlinear kinetic inductance sensor (NKIS) – uses large dq/dI

Transition edge sensor (TES) – uses large dR/dT
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I = ISN +Iring = ISN(qSN) +1.55 qSNcIdep,S

ring = LGIring

= lSNwring/lring wSN qring=qSNlSN/lring

lSN = 1 m,  wSN=100 nm
lring=2.4 mm, wring= 12 m 

Tc0= 1 K (10 K), DS = 0.5 cm2/s

Idep,S = 30.6 A (306 A)

Noise  n1/2 <~ 10-3 0

T=15 mK (150 mK) – 10 GHz (30 GHz) 

T = h/Ce(T)VSN  - energy conservation

Nonlinear kinetic inductance sensor of single microwave photons
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Gapless superconductivity in SN bridge

DN/DS =20

dS = 3c 

dN = 1.5c

c= (hDN/kBTc0)
1/2 

q =  + 2A/0

g(I=Idep) ~0/3 (Maki 1963)
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Nascent vortices in SN bridge

2D time-dependent Ginzburg-Landau model.

Electric field penetrates SN bridge on 
distance LE ~ (D/2)1/2

.

Nascent vortex has core with finite 
and zero vorticity. 

c=(hDS/kBTc0)1/2  << N=(hDN/kBTc0)1/2 
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Little-Parks effect

Little-Parks oscillations – proof of fluxoid (magnetic flux) quantization, vortices 

Wikipedia



Origin of name ‘nascent vortex’ 
PRL 1974



Nascent vortices in SN bridge

Nascent vortices exist when
DN/DS = S/N ~> 10 and are well
‘visible’ when plateau on I(q) appears
for short enough bridge (c ~ 6-7 nm).
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Nascent vortices in SN bridge with superconducting leads
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Conclusion

SN hybrid composed of dirty thin superconducting and clean normal metal layers has peculiar superconducting 
properties. Namely: 

1. N-layer may provide the dominant contribution to the diamagnetic response of whole bilayer structure 
at low temperatures.

2. The presence of N-layer may considerably increase the critical current Ic. 

3. SN hybrid placed in in-plane magnetic field has finite momentum even when it is in state with I=0. In finite 
momentum state Lk(I) is nonreciprocal and there is giant superconducting diode effect (origin of its large value 
and ‘wrong’ sign is not clear at large Bin).

4. SN bridge/strip has huge nonlinearity of kinetic inductance at current less than depairing current. This property 
could be used in different applications (single photon detectors, magnetometers, parametric amplifiers).  

5. There is a prediction that SN bridge may host nascent vortices (sub- or pre-vortices with zero vorticity), which can 
be seen via oscillations of differential resistance and/or kinetic inductance of SN bridge with change of the current.

      



Equations

Usadel equation:

Self-consistency equation:

Superconducting current density: Inverse London penetration depth:
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