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Type-l superco

Formula ¢ T¢(K) # Hc(T) ¢ | Type $ | BCS $ References &
Elements ‘ 1
Al 1.20 001 I yes 213
cd 052 0.0028 \ I [yes |om
Diamond:8 | 11.4 |4 [ il .' yes (4156] | type-li
Ga 1.083 | 0.0058 ‘ I yes B2
Hf 0.165 | yes (@
a-Hg 4.15 ‘ 0.04 1 yes 23]
B-Hg 3.95 0.04 | | yes 1213
In [a4 003 |I yes | I
Ir 0.14 0.0018l7 | | ‘ yes 12l
a-la 49 | yes 2
pla 6.3 I yes |®
Mo 0.92 ‘ 0.0096 || i yes 2
Nb 9.26 0.82 [ 1 [yes [rem l type-ll
0s 065 0007 |I Iyes | ‘ .
o ia | foo type-l according to recent data:
Pb 7.19 0.08 ‘ [ yes [0 Phys. Rev. B
! ! 106, L180505 (2022)
Re 2.4 003 |1 yes | PIBIEI

Source: Wikipedia
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https://en.wikipedia.org/wiki/List of superconductors
http://doi.org/10.1103/PhysRevB.106.L180505
http://doi.org/10.1103/PhysRevB.106.L180505

Substance ¢ Class ¢ Tc(K) ¢ Hc(T) # Type # BCS ¢ References #

CeoKa Compound  19.8 0.013 1 yes 09
CgoRbx Compound 28 1 yes B0
FeBy Compound | 2.9 1 21

InN Compound | 3 I yes 22
In203 .Compound 33 ~3 1 yes 23]
LaBg Compound  0.45 yes [24]
MgB3 Compound | 39 74 1] yes B9
Nb3Al .Compound 18 1 yes 2

NbC 15Ny Compound  17.8 12 1 yes 2627
NbsGe Compound | 23.2 37 I yes 28]
NbO Compound  1.38 1 yes 29
NbN .Compound 16 1 yes 2
Nb3Sn Compound  18.3 30 1 yes 130]
NbTi Compound | 10 15 ‘II yes 2
Sic:B .Compound 14 0.008 | yes B1
Sic:Al Compound 1.5 0.04 1 yes 131]

TIN Compound 5.6 5 | yos | BG4 type-l
V3Si .Compound 17 135]
YBg .Compound 8.4 Il yes [36)137)(38]

Source: Wikipedia
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Landau’s intuition

K TEOPUU CBEPXIIPOBOIMMOCTH
Cosmectro ¢ B. JI. THH3BYPI'OM

KITO, 20, 1064, 1950

Since from the experimental data it follows that » < 1, and also for a reason
indicated below the solution of equations (18) possible for another limiting case
when x — o0 does not offer any intrinsic interest, we shall not discuss it.
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K TEOPUU CBEPXIIPOBOIMMOCTH
Cosmectro ¢ B. JI. THH3BYPI'OM

KITO, 20, 1064, 1950

Since from the experimental data it follows that » < 1, and also for a reason
indicated below the solution of equations (18) possible for another limiting case
when % — o does not offer any intrinsic interest, we shall not discuss it.

Let us now note that for » = 1 /\/ 2 a peculiar instability of the normal phase
of the metal occurs. Indeed, suppose the whole metal is in equilibrium, and
in the normal state, i.e. Hy = 1/\/5 Then it can be shown that for » = 1/4/2
an instability appears with respect to the formation of thin layers of supercon-
ducting phase
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Landau’s intuition

K TEOPUU CBEPXIIPOBOIMMOCTH
Cosmectro ¢ B. JI. THH3BYPI'OM

KITO, 20, 1064, 1950

Since from the experimental data it follows that » < 1, and also for a reason
indicated below the solution of equations (18) possible for another limiting case
when % — o does not offer any intrinsic interest, we shall not discuss it.

Let us now note that for » = 1 /\/ 2a peculiar instability of the normal phase
of the metal occurs. Indeed, suppose the whole metal is in equilibrium, and

in the normal state, i.e. Hy = 1/\/5 Then it can be shown that for » = 1 /\/E
an instability appears with respect to the formation of thin layers of supercon-

ducting phase

It has not been necessary to investigate the nature of the state which
occurs when » > x, since from the experimental data, it is true somewhat
preliminary and worked out on the basis of equation (22}, it follows that » < 1.
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Type-l superconductor

H
600 [ 400 00 m H{Qe)
200
I s Pb metal:
'// e He = 600 Oc
-B

Nature 134, 286 (1934)
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http://doi.org/10.1038/134286b0

Type-ll superconductor

¥
BG)| ! |
i Pb-TI alloy ;
1600 | l ] ——
i still superconducting, :
! but B > 0! |
1200 —i"— (Shubnikov state) ;
! :
800 |— .
1 |
| i
1 N 1
N T Pb-TI alloy:
! Co H, = 1750 Oe !
Hk,
Hk| 400 800 1200 1600 H (Oe)

Nature 135, 581 (1935)
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http://doi.org/10.1038/134286b0

Personality

Alexey Abrikosov
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@ 1947: passed Landau’s “theory minimum”
@ 1951: PhD on thermal diffusion in plasma

@ Landau: “Be independent. Read the journals,
attend the seminars, and most importantly,
discuss with experimentalists”

Alexey Abrikosov
1928-2017
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@ 1947: passed Landau’s “theory minimum”
@ 1951: PhD on thermal diffusion in plasma

@ Landau: “Be independent. Read the journals,
attend the seminars, and most importantly,
discuss with experimentalists”

@ 1952-57: Ginzburg-Landau theory for
K > 1/v/2, type-ll superconductors

@ 1955: Habilitation on quantum electrodynamics

@ 1965-1987: head of department at
Landau Institute of Theoretical Physics

@ 1972: Fundamentals of the Theory of Metals
@ from 1991: Argonne National Lab, US
@ 2003: Nobel Prize in Physics

“I deem the applicant’s theory wrong, but scientists

. have not reached a consensus on this problem yet,
Alexey Abrikosov and the applicant’s work contributes to developing
1928-2017 this consensus”

recommendation letter by Abrikosov

Superconductivity I, SS 24 Vortices, and where is the critical field?



Intermediate state vs. vortex state

Intermediate state Vortex state
(type-l superconductor) (type-ll superconductor)

2o
. -
5

| 2000 nm YBCO film

phys. stat. sol. 13, 471 (1972); Sci. Reports 5, 8677 (2015)
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http://doi.org/10.1002/pssa.2210130216
https://doi.org/10.1038/srep08677

superconductor

Type

Each Abrikosov vortex carries the flux of ®g

Image credit: S. Hunklinger, Festkérperphysik and Firo002 (CC-BY-SA)
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https://www.degruyter.com/document/doi/10.1515/9783110567755
https://commons.wikimedia.org/wiki/File:Apricot and cross section.jpg

Isolated vortex

Supercond. Sci. Tech. 27, 063001 (2014)

H(r)

o Magnetic flux enclosed in a cylinder
o Supercurrent embraces the vortex
0 £ )\ ie, W #£0 except in the very center of the vortex
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http://doi.org/10.1088/0953-2048/27/6/063001

Lower and upper critical fields

................................................. e
00°
0©
~ 0°
£
3 Bc2
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5 ]
T B.1 — departure from linear behavior
) .
g Beo — zero crossing
FeB,
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Field (Oe)

Phys. Rev. Lett. 111, 167002 (2013)
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https://doi.org/10.1103/PhysRevLett.111.157002

Lower and upper critical fields

A Equal area construction
E
| type-l
type-ll

0 Bcl Bc BCZ HOHext

Gross and Marx, Festkdrperphysik
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Critical fields
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Image source: Hyperphysics
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http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/scbc.html

Material / Technology

Nb-based intermetallics
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Ginzburg-Landau parameter

Supraleiter
Al

Cd

In

Nb

NbTi
Nb;Sn
NbN

Pb

Sn

¢6(0) (nm) AL (0) (nm)

1600 50
760 110
1100 65
106 85
- 300
2.6 65
5 200
100 40

500 50

K
0.03
0.14
0.06
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Penetration depth vs. critical field

T T T T T
1.0F
6}
08F . Nb
< 4 T.=93K
T o6k 3 B =0.8T
N 2F
S
€ o4t . MgCNis
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S o2t i B =115T
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0.0 0.2 0.4 0.6 0.8 1.0

Supercond. Sci. Technol. 19, Ra1 (2006)
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http://doi.org/10.1088/0953-2048/19/8/R01

Superconductors for high-field applications
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Source: Gross an d Marx, Festkdrperphysik
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Key materials

S U S S e e
Nb3Sn NbTi 25 :
T. = 18K T.=9.2K 520 ]
Boa(0)=29T Bo(0)=14T 18 D
very brittle ductile 50 ;

24 at.% Sn

I(OST?kAIU}mz) >

0 2 4 6 8 10 12 14 16 18 20
Temperature [ K ]

o Discovered in 1954 (Nb3Sn) and
1962 (NbTi)

o (Very) difficult to fabricate

Image source: IEEE Trans. Appl. Supercond. 17, 1149 (2007)
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http://doi.org/10.1109/TASC.2007.898447

Inner structure of the wire

Image source: C.M. Fischer, Master Thesis (University of Wisconsin-Madison)
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https://fs.magnet.fsu.edu/~lee/asc/pdf papers/theses/cmf02msc.pdf

Nb-based intermetallic superconductors

30_4_.\. T
Nb3Sn NbTi 25 ;
T.=18K T.=9.2K ‘:;20 ]
Boa(0)=29T Bo(0)=14T 18 Sl
very brittle ductile 5 10 ]

24 at.% Sn

I(OST?kA/n}mz) o

0 2 4 6 8 10 12 14 16 18 20
Temperature [ K ]

o Discovered in 1954 (Nb3Sn) and 1962 (NbTi)
o Very difficult to fabricate

o Constitute almost all commercial superconducting magnets:
NbTi below 10T, Nb3Sn up to 18 — 20T

Image source: IEEE Trans. Appl. Supercond. 17, 1149 (2007)
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http://doi.org/10.1109/TASC.2007.898447

Nb-based intermetallic superconductors
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o Discovered in 1954 (Nb3Sn) and 1962 (NbTi)

o Very difficult to fabricate

o Constitute almost all commercial superconducting magnets:
NbTi below 10T, Nb3Sn up to 18 — 20T

Image source: IEEE Trans. Appl. Supercond. 17, 1149 (2007)
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http://doi.org/10.1109/TASC.2007.898447

Price considerations

CERN (2015)
NbTi: $150 per kg of wire
Nb3Sn: $1500 per kg of wire

Image credit: Charlie Sanabria (CC-BY-SA)
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https://indico.cern.ch/event/440690/contributions/1089752/attachments/1143848/1639300/U4 final.pdf
https://www.snowmass21.org/docs/files/summaries/AF/SNOWMASS21-AF7 AF0 Michael Tomsic-178.pdf
https://commons.wikimedia.org/wiki/File:ITER wire.jpg

Price considerations

CERN (2015)
NbTi: $150 per kg of wire
Nb3Sn: $1500 per kg of wire

Hyper Tech Research (2020)
NbTi: $200 per kg of wire
Nb3Sn: $600 per kg of wire

Image credit: Charlie Sanabria (CC-BY-SA)
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Price considerations

CERN (2015)
NbTi: $150 per kg of wire
Nb3Sn: $1500 per kg of wire

Hyper Tech Research (2020)
NbTi: $200 per kg of wire
Nb3Sn: $600 per kg of wire

PPMS system

9T magnet: at Uni Leipzig
14T magnet: +$100,000
16 T magnet: +$200,000

Image credit: Charlie Sanabria (CC-BY-SA)
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