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Our nanowire sample schematic. 
-Vortices can cross the thin wire. 

-Vortices are powered by fluctuation, either thermal or quantum. 

-Vortices disrupt the flow of the supercurrent Is and generate nonzero resistance.

Energy dissipated by one crossing 

vortex (also called phase slip) is

Q = (h/2e) * Is



Little’s  Phase Slip (LPS)

LPS is the only intrinsic mechanism for the dc supercurrent decay in 

quasi-1D superconducting wires

William A. Little, 

“Decay of persistent currents in small superconductors”, 

Phys. Rev., 156, 396 (1967). 

∆(x)=│∆(x)│exp[iφ]

Energy barrier for phase slip:

Rate of phase slips: Γ~exp(−Δ𝐹/𝑘𝑇) QPS=MQT



Fabrication of nanowires

Method of Molecular Templating 

Bezryadin, Lau, Tinkham, Nature 404, 971 (2000)

Si/ SiO2/SiN substrate with undercut

~ 0.5 mm Si wafer

500 nm SiO2

60 nm SiN

Width of the trenches ~ 50 - 500 nm

HF wet etch for ~10 seconds

to form undercut



Schematic picture of the pattern

Nanowire  + Film Electrodes used in 

transport measurements

4 nm

TEM image of a wire shows amorphous morphology. 

Nominal MoGe thickness = 3 nm

Sample Fabrication



Dichotomy in nanowires: 

Evidence for superconductor-

insulator transition (SIT)

Bollinger, Dinsmore, Rogachev, Bezryadin, 

Phys. Rev. Lett. 101, 227003 (2008)

  400100squareR

The difference between samples is the 

amount of the deposited Mo79Ge21.

R=V/I I~3 nA



Useful Expression for the Free Energy of a Phase Slip 

Arrhenius-type activation-law 

formula for the wire resistance:

RAL ≈ RN exp[-ΔF(T)/kBT]



Superconductor-Insulator Transition (SIT)

A. Bollinger, R. Dinsmore, A. Rogachev and A. Bezryadin, 

Phys. Rev. Lett. 101, 227003 (2008)

Possible qualitative 

origin of the SIT is the

Heisenberg uncertainty 

principle: eQ ~

0

0Q

RN < Rq

RN>Rq

S-phase

I-phase

Rq =(h/4e2)=6.45 kΩ



Each crossing vortex transitions the wire from a state with a higher 

supercurrent to a state with a lower supercurrent.

Can such transition be accomplished by means of quantum tunneling?

If the answer is yes, this would 

be an example of macroscopic 

quantum tunneling (MQT), 

involving a rather large 

object, i.e., a vortex with many 

normal electrons in the core



Quantum tunneling requires quantum superposition of 

states localized at various locations

U(x)

x

ψ(x)



Leggett’s prediction 

for macroscopic quantum tunneling (MQT) in SQUIDs



Kurkijärvi approach provides means to study MQT

Tilt the plane slow and measure the critical sliding angle. Repeat the 

measurement many times and determine the standard deviation (sigma) of 

the critical sliding angle. The distribution of the critical angles can be 

converted into the switching rate.

Critical angle



McCumber-Stewart model of a Josephson junction 

S
I
S



Zoom-in on one minimum. The phase particle needs to escape 

“prematurely” in order to give nonzero fluctuations of the 

switching current 

Thermal escape- Arrhenius Law:





Kurkijärvi theory for the switching current distribution width (1972)

Kurkijarvi Power Law:     σ ~ T2/3



MQT report by Kurkijarvi and collaborators (1981) 

Sigma~T2/3



Kurkijarvi 2/3 power law for pinned versus moving vortex 

transition

A. Wallraff et al., Nature V.425, p.155 (2003)

(Vortex escape experiments)

Power exponent = 0.66



Kurkijärvi 2/3 power law was confirmed also for the 

magnetic moment switching in nanoparticles

A. Wallraff et al., Nature V.425, p.155 (2003)

Power exponent = 0.66



Voss and Webb: width of the switching current distribution vs. T 

Std. Dev. = σ =ΔI=

=“width of the distribution”

R. Voss and R. Webb 

PRL 47, 265 (1981) 



MQT observation by Martinis, Devoret and Clarke

Just for thermal escape:



Martinis-Devoret-Clarke: definitive proof of MQT using 

microwaves



Martinis-Devoret-Clarke: 

results supporting MQT



V-I curves of our nanowire samples are similar to 

underdamped JJs, i.e., they are hysteretic



We find pronounced intrinsic fluctuation of the switching current

MoGe Nanowire



Is there one-to-one correspondence between the switching events and the 

phase slips? Yes, if the temperature is sufficiently low. 



Model of stochastic switching dynamics

• Competition between 

– heating caused by a single Little’s phase slip event 

– cooling

• At higher temperatures a larger number of phase slips are 

required to cause switching.

• At sufficiently low temperatures each single phase slip causes 

switching. In such case there is one-to-one correspondence 

between switching events and phase slips!

1. M. Tinkham, J.U. Free, C.N. Lau, N. Markovic, Phys. Rev. B 68,134515 (2003). 

2. Shah, N., Pekker D. & Goldbart P. M.. Phys. Rev. Lett. 101, 207001 (2008).

3. P. Li et al., Phys. Rev. Lett. 107, 137004 (2011).
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Theoretical modeling of nanowire switching by phase slips

Shah, N., Pekker D. & Goldbart P. M.. 

Phys. Rev. Lett. 101, 207001 (2008).

Single phase slip 

switching regime



Distributions of the switching current can be converted into 

switching rates

2 K - 0.3 K

2 K - 0.3 K



Kurkijärvi-Fulton-Dunkleberger transformation

It is used to convert the measured distribution function P into the switching rate

In this modeling, the attempt 

frequency  is assumed 1000 

GHz, as is typical.



Switching rates at different temperatures

TAPS only

TAPS 

and QPS

M. Sahu, M.-H. Bae, A. Rogachev, D. Pekker, T. Wei,

N. Shah1, P. M. Goldbart, and A. Bezryadin,

Nature Physics 5, 503 (2009).



Equivalence of Tq=Tesc and T*



Saturation of the switching standard deviation is observed

1) Kurkijarvi power law is observed at high 

temperatures. This proves that we are in 

the single-phase slip regime.

2) Such saturation is a strong indicator of 

macroscopic quantum tunneling.

3) The mean value of the switching 

currenet does not saturates, as expected. 

This rules out external noise and 

presence of out-of-equilibrium hot 

electrons.

T. Aref et al., Phys. Rev. B 86, 024507 (2012)



Multiple phase slips can be seen in samples with low critical 

currents



Similar results have been published by an independent team 

on thin Al nanowires

P. Li et al.,  “Switching Currents Limited 

by Single Phase Slips in One-

Dimensional Superconducting 

Al Nanowires”

Phys. Rev. Lett. 107, 137004 (2011)



Pulsing technique used to make wires crystalline



Pulsing technique: adjusting the critical current



Pulsing technique: adjusting normal resistance



Pulsing technique: adjusting the critical temperature



Wires crystallized by pulsing show qualitatively the same behavior. Thus 

MQT does not depend on minute details of morphology



Tq scales linearly with Tc



Measuring nanowires within GHz resonators. 

Direct detection of single phase slips and double-slips

A. Belkin et al, Appl. Phys. Lett. 98, 242504 (2011)



Little-Parks effect at low temperatures. Detection of single 
phase slips

T = 360 mK
f = f0(H=0)

n = 0

n=0
n=-1

n=-2
n=+3n=+1

n=+2

n=0

n=+1
n=-1

A. Belkin et al, Appl. Phys. Lett. 98, 242504 (2011)



Macroscopic quantum tunneling is confirmed in microwave 
settings. Changing filters or setups did not alter the results.

N  N+2

N  N+1

Tq

“Co-tunneling” of phase slips? Unexplained.

Andrey Belkin project



Rates of single and double quantum phase slips

T<Tq



tin

Discovery of the 

supercurrent, 

known now as 

proximity effect, 

in SNS junctions



Crossing vortex heats the junction and might causes the switching 
Switching is unusual for SNS junctions (see e.g. Meissner results), but graphene 

junctions do show switching.

HEERSCHE H.B., JARILLO-HERRERO P., 

OOSTINGA J.B., VANDERSYPEN

L.M.K., 

MORPURGO A.F.:, 

Nature 446, 56 (2007)



Dispersion of the switching current in graphene junctions.

The value previously found in JJs is 2/3=0.67 

Thus there is a strong deviation in graphene devices, which is our new result.

U. Coskun, M. Brenner, T. Hymel, V. Vakaryuk, A. Levchenko, A. Bezryadin, 

Phys. Rev. Lett. 108, 097003 (2012)

Power exponent  ≠ 0.66



Distributions of the switching current and the switching rates
Strong, non-thermal, fluctuations have been found. Understanding  and controlling 

them is important for the operation graphene devices

Non-thermal 

fluctuations

U. Coskun, M. Brenner, T. Hymel, V. Vakaryuk, A. Levchenko, A. Bezryadin, 

Phys. Rev. Lett. 108, 097003 (2012)



Critical current versus temperature

In SGS, or SNS in general, the Ic(T) is not constant, which is different from 

the usual SIS JJs.

U. Coskun, et al., submitted to Phys. Rev. Lett. (2011)

fits



First observation of the Kurkijärvi dependence on the 

critical current.

Predicted power is 1/3=0.33

U. Coskun, et al., submitted to Phys. Rev. Lett. (2011)



Use complete Kurkijärvi theory to understand the 

dispersion scaling with temperature

The results agree with the generalized theory. The power is close to 2/3 for the 

dispersion normalized by the critical current.



Conclusions

- Little’s phase slips can occur by means of macroscopic 
quantum tunneling

- Kurkijarvi scaling of the standard deviation with temperature 
was observed on thin superconducting wires

- Graphene junctions show thermall activated phase slips (dark 
counts), but no quantum phase slips. This finding might be 
used for the creation of superior single photon detectors

- The microwave setup is developed, which allows detection of 
single phase slips.

- Double phase slips are also observed. The show a higher 
probability at low currents. 


