
Superconductivity in pictures

Alexey Bezryadin

Department of Physics

University of Illinois at Urbana-Champaign



Electrical resistance of some metals drops to zero below a certain temperature 

which is called "critical temperature“ (H. K. O. 1911)

Superconductivity observation

How to observe superconductivity

- Take Nb wire

- Connect to a voltmeter and a current 

source

- Put into helium Dewar

- Measure electrical resistance
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Meissner effect – the key signature of 

superconductivity



Magnetic levitation



Magnetic levitation train



Searching for an explanation: Little-Parks effect (’62)
The basic idea: magnetic field induces non-zero vector-potential, which produces non-

zero superfluid velocity, thus reducing the Tc.



tin

Discovery of the 

supercurrent, 

known now as 

proximity effect, 

in SNS junctions



tin

Explanation of the supercurrent in SNS

junctions --- Andreev reflection

A.F. Andreev 1964



Superconducting vortices produced by 

magnetic field



Magnetic field creates vortices--

Vortices cause dissipation (i.e. a non-zero electrical resistance)!

I-current

B -magnetic field

Vortex core: normal, not superconducting; diameter x~10 nm

Ψ= |Ψ| exp(-iφ)

The order parameter:

amplitude
phase

Superconductivity in thin films (2D)

2eV=ħ dφ/dt

φ changes by 2π

As one quantum vortex 

crosses the 

superconducting film



DC transport measurement in one dimensional (1D) 

superconducting wires

Phase slip events are shown as red dots
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Transport properties: Little’s  Phase Slip

W. A. Little, “Decay of persistent currents in small superconductors”, 

Physical Review, V.156, pp.396-403 (1967). 

Ψ(x)=│Ψ (x)│exp[iφ]

Two types of phase slips (PS) can be expected:

1. The usual, thermally activated PS (TAPS)

2. Quantum phase slip (QPS)



Electrical resistance is zero only if current is not too strong

I (current)

V (voltage)

Superconducting regime

Normal state--Ohms law

Ic

Superconductivity: very basic introduction



How to use voltage to figure out the rate of phase slips?

2eV=ħ dφ/dt

Remember Shrodingerequation:

i ħ(dΨ/dt)=E Ψ

Therefore, φ=Et/ ħ

But for BCS pairs E=2eV,

where V is the electric potential.

Thus the equation above can be obtained.

Ψ= |Ψ| exp(-iφ)



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



Low -T Filter

Room Temp

Low Temp

Sample

pi-Filter

Cernox

Thermometer

Measurement Scheme

Sample mounted on the 3He

insert.
Circuit Diagram



Procedure (~75% Success)

- Put on gloves

- Put grounded socket for mounting in vise with grounded 

indium dot tool connected

- Spray high-backed black chair all over and about 1 m 

square meter of ground with anti-static spray

- DO NOT use green chair

- Not sure about short-backed black chairs

- Sit down

- Spray bottom of feet with anti-static spray

- Plant feet on the ground.  Do not move your feet again for 

any reason until mounting is finished.

- Mount sample

- Keep sample in grounded socket until last possible 

moment

- Test samples in dipstick at ~1 nA

Tony Bollinger's sample-mounting procedure in winter in Urbana  



Possible Origin of Quantum Phase Slips
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Search for QPS at high bias currents, by measuring the 

fluctuations of the switching current 



Dichotomy in nanowires: 

Evidence for superconductor-

insulator transition (SIT)

Bollinger, Dinsmore, Rogachev, Bezryadin, 

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

The difference between samples is the 

amount of the deposited Mo79Ge21.

R=V/I I~3 nA

2

Q / 2 6.5 kR h e  

The threshold for superconductivity in 

thin wires is the quantum resistance:



Useful Expression for the Free Energy of a Phase Slip 

“Arrhenius-Little” formula for the wire resistance:

RAL  ≈ RN exp[-ΔF(T)/kBT]



Schmid transition. Basic idea – localization by dissipation. 

The friction force is Ffr= ηv, where η is the classical damping coefficient

x

Tunneling in periodic potential in the presence of dissipation
Caldeira and Leggett, Phys. Rev. Lett., 46, 211 (1980)

“Derivation” of the critical damping coefficient: 

px~ћ/2;   v~ ћ/2mx;   Ffr= ηv=η ћ/2mx;   Wfr= ηvx=η ћ/2m

The particle can not tunnel if Wfr > p2/2m or η ћ/2m>(1/2m) (ћ/x)2

So tunneling is blocked if η > ћ/x2   (exact result: η > h/x2 )



What determines the period of oscillation?
(A simple guess for the period would be ΔB~ Φ0/2ab.

This prediction deviates from the result by a factor 100!)



Phase gradiometers templated by DNA

D. Hopkins, D. Pekker, 

P. Goldbart, and A. Bezryadin, 

Science 308, 1762–1765 (2005).
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The width of the leads was 

changed from 14480 nm to 

8930 nm

The period changed from 

77.5 μT to 128 μT

Little-Parks effect.

The period of the oscillation is inversely proportional to the width 

of the electrodes 

Correct field period:

here 2l - the width of the leads

G = .916 is the  

Catalan number

usual SQUID estimate:

here 2a-distance between the 

wires; 

b- length of wires 

alG
B

48

0

2





SQUID – superconducting quantum interference device
SQUID helmet project at Los Alamos

SQUIDs, or Superconducting Quantum Interference Devices, invented in 1964 by Robert Jaklevic, John Lambe, Arnold Silver, and James 

Mercereau of Ford Scientific Laboratories, are used to measure extremely small magnetic fields. They are currently the most sensitive 

magnetometers known, with the noise level as low as 3 fT•Hz−½. While, for example, the Earth magnet field is only about 0.0001 Tesla, some 

electrical processes in animals produce very small magnetic fields, typically between 0.000001 Tesla and 0.000000001 Tesla. SQUIDs are 

especially well suited for studying magnetic fields this small. 

Measuring the brain’s magnetic fields is even much more difficult because just above the skull the strength of the magnetic field is only about 0.3 

picoTesla (0.0000000000003 Tesla). This is less than a hundred-millionth of Earth’s magnetic field. In fact, brain fields can be measured only with 

the most sensitive magnetic-field sensor, i.e. with the superconducting quantum interference device, or SQUID. 

Magnetic field scales:

Earth field: ~1G

Fields inside animals:

~0.01G-0.00001G

Fields on the human brain:

~0.3nG

This is less than a hundred-

millionth of the Earth’s 

magnetic field.



Linearity of the Schrödinger’s equation

Suppose Ψ1 is a valid solution of the Schrödinger equation:

𝑖ℏ
𝜕𝜓1

𝜕𝑡
=
𝜕2𝜓1

𝜕𝑥2
+ 𝑈(𝑥)𝜓1

And suppose that Ψ2 is another valid solution of the 
Schrödinger equation:

𝑖ℏ
𝜕𝜓2

𝜕𝑡
=
𝜕2𝜓2

𝜕𝑥2
+ 𝑈(𝑥)𝜓2

Then (Ψ1 + Ψ2)/√2 is also a valid solution, because:

𝒊ℏ
𝝏(𝝍𝟏 +𝝍𝟐)

𝝏𝒕
=
𝝏𝟐(𝝍𝟏 +𝝍𝟐)

𝝏𝒙𝟐
+𝑼(𝒙)(𝝍𝟏 +𝝍𝟐)

The state (Ψ1 + Ψ2)/√2 is a new combined state which is called 
“quantum superposition” of state (1) and (2)



Quantum tunneling

U

x

George Gamow

(He also developed 

Big Bang theory)

𝝍|𝒕=𝟎

𝝍(𝒕)

1 2

Quantum tunneling is possible

since quantum superpositions of

states are possible.



Schrödinger cat –

the ultimate macroscopic quantum phenomenon



Schrödinger cat – thought experiment

Hans Geiger

Geiger counter



What sort of tunneling we will consider?

-Red color represents some strong current in the superconducting wire loop

-Blue color represents no current or a much smaller current in the loop

tunnel

Is>0 Is=0



Previous results relate loops with insulating 

interruptions (SQUIDs)

-Red color represents some strong current in the superconducting loop

-Blue color represents no current or very little current 

in the superconducting loop

tunnel

Is

Insulting gap



Leggett’s prediction

for macroscopic quantum tunneling (MQT) in SQUIDs



MQT report by Kurkijarvi and collaborators (1981) 

Sigma~T2/3



Measuring nanowires within GHz resonators. 

Detection of individual phase slips.

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



Resonators used to detect single phase slips (SPS) and 
double phase slips (DPS)

T = 360 mK

f = f0(H=0)

A. Belkin et al, PRX 5, 021023 (2015)



Conclusions

- Superconductivity is fun and has proven to be useful for 
many applications

- The main goals now are:

- (1) Discover superconducting materials which become 
superconducting at room temperature

- (2) Use macroscopic quantum tunneling effects to develop 
superconducting quantum computers

- (3) Develop superconducting memory for future cryogenic 
computers


