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Intermediate state vs. vortex state
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Intermediate state

(type-I superconductor)

Vortex state

(type-II superconductor)

phys. stat. sol. 13, 471 (1972); Sci. Reports 5, 8677 (2015)

http://doi.org/10.1002/pssa.2210130216
https://doi.org/10.1038/srep08677


Isolated vortex

Magnetic �ux enclosed in a cylinder

Supercurrent embraces the vortex

ξ ≪ λ, i.e., Ψ ̸= 0 except in the vortex core (of the size of ξ)
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Supercond. Sci. Tech. 27, 063001 (2014)

http://doi.org/10.1088/0953-2048/27/6/063001


Hysteresis of magnetization: surface barrier
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Phys. Rev. Lett. 9, 370 (1962)

http://doi.org/10.1103/PhysRevLett.9.370


Hysteresis of magnetization: pinning
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J. Supercond. Nov. Magn. 34, 1067 (2021)

http://doi.org/10.1007/s10948-021-05812-2


Vortex lattice

Superconductivity I, SS 24 The world of vortices

Image credit: Gross and Marx, Festk�orperphysik



Types of the vortex lattice
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square lattice triangular lattice

Image credits:

Rabe! (CC-BY-SA)

Gross and Marx, Festk�orperphysik

https://commons.wikimedia.org/wiki/File:Kusadasi - Wochenmarkt Orangen.jpg
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Image credits:
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https://commons.wikimedia.org/wiki/File:Kusadasi - Wochenmarkt Orangen.jpg


Vortex lattice, triangular

κ = 1.35 at 1.1K

Triangular vortex
lattice observed by
electron microscopy

on a sample
decorated with

ferromagnetic particles
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Phys. Lett. 24A, 526 (1967)

http://doi.org/10.1016/0375-9601(67)90819-5


Vortex lattice, triangular

Triangular vortex lattice

observed by scanning

tunneling microscopy

on a decorated sample
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Fourier transform

Phys. Rev. B 67, 092512 (2003)

http://doi.org/10.1103/PhysRevB.67.092512


Experiment

small-angle neutron scattering
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Scattering experiment
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Image credit: LibreTexts Chemistry (CC-BY-SA)

https://chem.libretexts.org/Bookshelves/Physical and Theoretical Chemistry Textbook Maps


Neutron sources

Nuclear reactor:

stable and robust neutron source,
but requires huge infrastructure
+ environmental concerns

Spallation source:

neutrons may arrive in pulses
less stable in general,
but more environment-friendly,
and higher �ux can be achieved
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Image credits: Andreas Battenberg / TUM (fair use) and U.S. Department of Energy (public domain)

https://www.tum.de/aktuelles/alle-meldungen/pressemitteilungen/details/31397
https://commons.wikimedia.org/wiki/File:Oak Ridge Spallation Neutron Source Aerial View.jpg


Neutron sources in Europe
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Vortex lattice of niobium metal
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Phys. Rev. B 79, 014518 (2009)

https://doi.org/10.1103/PhysRevB.79.014518


Zoo of vortex states

STS measurements on an amorphous W �lm, B = 1T: I. Guillam�on et al. Nature Phys. 5, 651 (2009)
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Zoo of vortex states

STS measurements on an amorphous W �lm, B = 2T: I. Guillam�on et al. Nature Phys. 5, 651 (2009)
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Resistive behavior of a superconductor
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Eur. Phys. J. B 33, 757 (2012)

https://doi.org/10.1088/0143-0807/33/4/757


Flux line pinning
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Supercond. Sci. Technol. 23 014001 (2010)

https://doi.org/10.1088/0953-2048/23/1/014001


Zoology of vortex states
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Rev. Mod. Phys. 66, 1125 (1994)

https://doi.org/10.1103/RevModPhys.66.1125


Flux trapping
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Type-II superconductors
trap magnetic �ux
due to pinning of vortices

New J. Phys. 20, 043010 (2018)

https://doi.org/10.1088/1367-2630/aab47c


Quantum locking
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magnet levitates
above the �xed
superconductor

superconductor remains locked
under the �xed magnet

Image credit: J. Bobro� (CC-BY-SA)

Colorado State University (fair use)

https://commons.wikimedia.org/wiki/File:Levitation of a magnet on top of a superconductor 2.jpg
https://www.lsop.colostate.edu/2015/04/10/show-me-some-science-quantum-levitation/


Quantum locking
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magnet levitates
above the �xed
superconductor

superconductor remains locked
under the �xed magnet

Image credit: J. Bobro� (CC-BY-SA)
Colorado State University (fair use)

https://commons.wikimedia.org/wiki/File:Levitation of a magnet on top of a superconductor 2.jpg
https://www.lsop.colostate.edu/2015/04/10/show-me-some-science-quantum-levitation/


Material / Technology

superconducting cables and magnets
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Superconducting cables
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1975-85, Brookhaven cable: 115m, Nb3Sn, He cooling

2004, Super-ACE cable (Japan): 500m, BSCCO (cuprate), nitrogen cooling

2008, LIPA I (US, Long Island): 600m, BSCCO (cuprate), nitrogen cooling

Image credit: Rama (CC-BY-SA)

https://commons.wikimedia.org/wiki/File:CERN-cables-p1030764.jpg


Superconducting cables
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1975-85, Brookhaven cable: 115m, Nb3Sn, He cooling

2004, Super-ACE cable (Japan): 500m, BSCCO (cuprate), nitrogen cooling

2008, LIPA I (US, Long Island): 600m, BSCCO (cuprate), nitrogen cooling

Image credit: Nexans (fair use) and SEI Technical Review 76, 45 (2013)

https://www.nexans.com


Superconducting cables
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1975-85, Brookhaven cable: 115m, Nb3Sn, He cooling

2004, Super-ACE cable (Japan): 500m, BSCCO (cuprate), nitrogen cooling

2008, LIPA I (US, Long Island): 600m, BSCCO (cuprate), nitrogen cooling

Image credit: Nexans (fair use) and SEI Technical Review 76, 45 (2013)

https://www.nexans.com


Test installation
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City of Essen
commissioned in 2014

Image credit: RWE Deutschland; IEEE Xplore 16, 13733637 (2013)

https://doi.org/10.1049/cp.2013.0905


First commercial cable
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American Superconductors

We don't generate energy

We keep it moving

Electrify the future

Amperium® wire

at least 109A/mm2

Images from ACMS and Nexans (fair use)

https://www.amsc.com
https://www.nexans.com


First commercial cable
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American Superconductors

We don't generate energy

We keep it moving

Electrify the future

Amperium® wire

at least 109A/mm2

Images from ACMS and Nexans (fair use)

https://www.amsc.com
https://www.nexans.com


First commercial cable
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Source: ACMS

https://www.amsc.com


First commercial cable
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Source: ACMS

https://www.amsc.com


Recent projects
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2021: Resilient Electric Grid

(REG) system in Chicago

200m, 12 kV, 3 kA

ongoing: SuperRail

power supply
at Paris-Montparnasse train station

2× 80m, 1.5 kV, up to 3.5 kA

Image credits: a4gpa (CC-BY-SA)

https://commons.wikimedia.org/wiki/File:Chicago Skyline from John Hancock 96th floor.jpg


Recent projects
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2021: Resilient Electric Grid

(REG) system in Chicago

200m, 12 kV, 3 kA

ongoing: SuperRail

power supply
at Paris-Montparnasse train station

2× 80m, 1.5 kV, up to 3.5 kA

Image credits: a4gpa Cheng-en Cheng (CC-BY-SA)

https://commons.wikimedia.org/wiki/File:Chicago Skyline from John Hancock 96th floor.jpg
https://commons.wikimedia.org/wiki/File:Gare de Paris-Montparnasse DSC 0451 (49633600767).jpg


Recent projects: SuperRail
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existing connection:
400mm2 Cu cables
(500A each)

IEEE Trans. Appl. Supercond. 34, 4802207 (2024)

http://doi.org/10.1109/TASC.2024.3356450


Electromagnets (resistive magnets)

Cooling is the main problem; present-day limit � about 35T
with the power consumption of about 30MW
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Superconducting magnets

Zero resistivity, hence no need for cooling.

Field range is limited by the critical �eld of the superconductor,
and by the critical current determined by pinning

Commercial magnets: up to 22T, prototypes: up to 32T
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Pulsed magnets

Fields up to 90− 100T routinely available, longer pulses possible too
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European high-�eld network (EMFL)
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Single-coil magnets

Fields up to 300T available
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Rep. Prog. Phys. 62, 859 (1999)

http://doi.org/10.1088/0034-4885/62/6/201


Explosion magnets

Fields above 1000T recorded
No real use for condensed-matter experiments (yet?)
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Supercond. Sci. Technol. 19, R41 (2006)

http://doi.org/10.1088/0953-2048/19/8/R01


Superconducting magnet
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Switch in the normal state:
magnet charging

Switch in the SC state:
persistent mode

(current circulates in the loop)

Image credit: The Open University

https://www.open.edu


32T superconducting magnet
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Mass: 2.3 ton

Current: 170A/mm2

(high-Tc coil)

Stored energy: 8.6 MJ

Image credit: MagLab

https://nationalmaglab.org/about/maglab-dictionary/quench


Quench
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Exceeding Bc2 or jc
leads to a violent
release of heat

Magnet
can be damaged

DO NOT QUENCH SUPERCONDUCTING MAGNETS!

Image credit: MagLab

https://nationalmaglab.org/about/maglab-dictionary/quench
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