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The Nobel Prize in Physics 2003
Alexei A. Abrikosov, Vitaly L. Ginzburg and Anthony J. Leggett “for pioneering contributions to the theory of superconductors and superfluids”

The Nobel Prize in Physics 1987
J. Georg Bednorz and K. Alexander Müller“for their important break-through in the discovery of superconductivity in ceramic materials”

The Nobel Prize in Physics 1973
Leo Esaki and Ivar Giaever “for their experimental discoveries regarding tunneling phenomena in semiconductors and superconductors, respectively”
Brian David Josephson “for his theoretical predictions of the properties of a supercurrent through a tunnel barrier, in particular those phenomena which are generally known 
as the Josephson effects”

The Nobel Prize in Physics 1972
John Bardeen, Leon Neil Cooper and John Robert Schrieffer “for their jointly developed theory of superconductivity, usually called the BCS-theory”

The Nobel Prize in Physics 1962
Lev Davidovich Landau “for his pioneering theories for condensed matter, especially liquid helium”

The Nobel Prize in Physics 1913
Heike Kamerlingh Onnes “for his investigations on the properties of matter at low temperatures which led, inter alia, to the production of liquid helium”

The Nobel Prize in Physics 1991
Pierre-Gilles de Gennes “for discovering that methods developed for studying order phenomena in simple systems can be generalized to more complex forms of 
matter, in particular to liquid crystals and polymers”

The Nobel Prize in Physics 20??
Your name here

Nobel Prizes in Superconductivity
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The zero resistance transition of Hg measured in 1911 by Kamerlingh Onnes.

Heike Kamerlingh Onnes (right), the discoverer of superconductivity.
Paul Ehrenfest, Hendrik Lorentz, Niels Bohr stand to his left.

https://en.wikipedia.org/wiki/Paul_Ehrenfest
https://en.wikipedia.org/wiki/Hendrik_Lorentz
https://en.wikipedia.org/wiki/Niels_Bohr
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BCS Theory

Look at the History of the “History of Superconductivity” ….

2006
The increase of Tc over time was very modest:

∆𝑇𝑇𝑐𝑐
∆𝑡𝑡 ≈ 0.4

Kelvin
year



http://en.wikipedia.org/wiki/Superconductivity
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Nature 525, 73–76 (03 September 2015) doi:10.1038/nature14964

Zero Resistance
Meissner Screening

Theory!



https://doi.org/10.1038/s41586-020-2801-z

https://www.chemistryworld.com/news/room-temperature-superconductivity-finally-claimed-by-mystery-material/4012591.article

the extremely narrow widths of the 
transitions in the absence of a 
magnetic field, and the fact that the 
widths do not change with the 
applied magnetic field, suggest that 
the observed phenomena are not 
associated with superconductivity.  
J. Hirsch and F. Marsiglio, Nature, 
596, pp. E9–E10 (2021)

https://doi.org/10.1038/s41586-020-2801-z
https://www.chemistryworld.com/news/room-temperature-superconductivity-finally-claimed-by-mystery-material/4012591.article
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Perfect Conductor vs. Superconductor

Perfect
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Meissner Effect (1934)

“diamagnetism”

Superconductivity is more than 
just a state with zero resistance

magnetic field 
expelled from inside 

a superconductor

B = 0
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Macroscopic Quantum Effects
Superconductor is described by a single-valued

Macroscopic Quantum Wavefunction
θieΨ=Ψ

Consequence:

Magnetic flux is quantized in units of Φ0 = h/2e (= 2.07 x 10-15 Tm2)

Flux 

I superconductor

Example of Flux Quantization

50 µm

One flux quantum in this loop requires a field
of B = Φ0/Area = 1 µT

Earth’s magnetic field Bearth ~ 50 µT
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Macroscopic Quantum Effects 
Continued

Josephson Effects (Tunneling of Cooper Pairs)

Circuit representation of a JJ
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The Thermodynamics 
of Superconductors



Low Temperature Specific Heat of Aluminum

Ashcroft and Mermin, p. 734



http://en.wikipedia.org/wiki/Superconductivity

http://en.wikipedia.org/wiki/Superconductivity


Ashcroft and Mermin, p. 747

The ‘Universal’ Heat
Capacity Jump at Tc

The prediction holds for
weak-coupled SCs



Electronic Entropy of Normal Metal and Superconductor

C. Kittel, Solid Introduction to State Physics, 5th Edition, page 364.

Obtain S from integrating CV over T



Free Energy of Normal Metal and Superconductor

C. Kittel, Solid Introduction to State Physics, 5th Edition, page 364.



The Limits 
of Superconductivity
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What are the Limits of Superconductivity?
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History of Superconductivity and Superconductor Devices 
1911 Discovery H. Kamerlingh Onnes (Leiden) 𝑅𝑅 = 𝑂𝑂
1933 Meissner effect (Ochsenfeld) 𝐵𝐵 = 𝑂𝑂
1950 Ginzburg-Landau theory 
1957 BCS theory (UIUC)
1960’s Push for higher Tc  (failed)
1960 Giaever tunneling (GE)
1962 Josephson effect
1964 dc SQUID (Mercereau)
1970 rf SQUID (Zimmerman)
1970’s Applications of SQUID’s
1980’s New materials
1985 Heavy Fermion 𝑆𝑆𝑆𝑆’s
1986 HTSC (Bednorz and Müller – IBM Zürich)
1990’s Symmetry/Mechanism/Applications of HTSC 
2000’s Superconducting qubits
2010’s Topological materials and devices
2020’s    Quantum Information Science and Quantum Computing?

“Superconductivity 
is a solved problem”

ERA of discovery

ERA of devices

ERA of new materials and 
unconventional superconductivity

ERA of quantum information
Dale J. Van Harlingen, UIUC
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The HISTORY of  SUPERCONDUCTIVITY and SUPERCONDUCTOR DEVICES (1911-1940)



The HISTORY of  SUPERCONDUCTIVITY and SUPERCONDUCTOR DEVICES (1940-1970)



The HISTORY of  SUPERCONDUCTIVITY and SUPERCONDUCTOR DEVICES (1940-1970)



The HISTORY of  SUPERCONDUCTIVITY and SUPERCONDUCTOR DEVICES (1990-2000)
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Conventional (“classic”) superconductivity

BCS theory:
Bardeen, Cooper, Schrieffer (1957)

 MECHANISM = attractive phonon-mediated
electron-electron interaction  Cooper pairing
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 EXCITATIONS = normal “quasiparticles” with an isotropic energy gap

 GROUND STATE = superfluid pair condensate ψ = ns e iϕ macroscopic phase 
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quasiparticle tunneling spectroscopy 
reveals the fully-formed energy gap

Tc increased slowly from 4K to 23K 
over 75 years from 1911 to 1986 

phase
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High Temperature Superconductivity (1986)
Woodstock of Music (1969)

3 days / 33 acts / 500,000 hippies

Woodstock of Physics (1987)

8 hours / 50 talks / 2500 physicists

Georg BednorzAlex Müller

“Our lives will be changed” … this did not turn out at expected but is rather true for physicists
challenged our understanding of condensed matter physics

opened new opportunities for superconductor research

IBM Zurich Research Laboratory

Dale J. Van Harlingen, UIUC
PHYS 498 SQD Fall 2019

Mac Beasley!

http://www.physicists.org/png/images/woodstock01.jpg


+ thousands of metallic compounds and alloys

More illuminating:  what materials are NOT superconducting?

Magnetic materials (Mn, Fe, Co, Ni)

Extent of Superconductivity

Good metals (Cu, Ag, Au) Dale J. Van Harlingen, UIUC
PHYS 498 SQD Fall 2019



Most important for fundamental research:

Al 1.2𝐾𝐾
In 3.4𝐾𝐾
Sn 3.7𝐾𝐾
Pb 7𝐾𝐾
YBCO    90𝐾𝐾

Most important for applications:

Al    1.2𝐾𝐾
Nb 9𝐾𝐾
NbN 16𝐾𝐾
Nb3Sn 18𝐾𝐾

Most important for qubits:

Al    1.2𝐾𝐾
Ta 4.2𝐾𝐾
Nb 9𝐾𝐾 Dale J. Van Harlingen, UIUC
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Reasons to Study Superconductivity in 2025

Superconductivity is a remarkably robust and widespread ground state for metals. Many different pairing states
and pairing mechanisms have been identified. What new pairing states and mechanisms remain to be discovered? What
remarkable electronic states of matter remain for us to find? How high can the superconducting Tc, critical fields Hc, and
critical current densities Jc go?

Superconductivity also competes with many other ordered states of matter, such as ferro- and anti-
ferromagnetism, charge density waves, topological insulating states, ferroelectricity, etc. This competition often gives rise
to materials with surprising new properties and behavior as a function of temperature, magnetic field, pressure, strain, etc.

Quantum mechanics is 100 years old now, and superconductivity is fundamentally a quantum mechanical
phenomenon. Superconductivity is a prime enabler for quantum information science and quantum computing.
Understanding the basic physics of superconductivity is essential for bringing about successful applications in quantum
technology.

What new quantum phenomena can be discovered based on superconductivity?

What new applications will superconductors have in quantum technology? Can we build single-photon detectors, the
ultimate in sensitivity, that span the electromagnetic spectrum from the infrared to the radio frequencies?
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