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Superconducting elements
Historical development of the critical temperature of simple elements

5

C. Buzea and K. Robbie, “Assembling the puzzle of superconducting elements: a review,” Superconductor Science and Technology, vol. 18, Nov. 2004

Techniques used to transform normal elements 
into superconductors
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Pressure effect

6

C. Buzea and K. Robbie, “Assembling the puzzle of 
superconducting elements: a review,” Superconductor 

Science and Technology, vol. 18, Nov. 2004
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Superconducting elements
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C. Buzea and K. Robbie, “Assembling the puzzle of superconducting elements: a review,” Superconductor Science and Technology, vol. 18, Nov. 2004
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SC Elements considerations

8

Two groups of SC

The non-transition metals – to these belong most of the superconducting high-pressure phases

The transition metals – with increasing element number, an inner shell (3d, 4d, and 5d levels; for the 
lanthanides and actinides, the 4f and 5f levels) becomes filled up within a row
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SC Elements considerations (2)
Superconductivity is not a rare property of metals

Superconductivity is neither found in the magnetic 
compounds, nor in the noble metals or Cu

This indicates that superconductivity is 
incompatible with magnetism, and absent in 
metals with the highest electrical conductivity

9

BCS theory explain these two facts:
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SC Elements considerations (2)
Superconductivity is not a rare property of metals

Superconductivity is neither found in the magnetic 
compounds, nor in the noble metals or Cu

This indicates that superconductivity is 
incompatible with magnetism, and absent in 
metals with the highest electrical conductivity

10

BCS theory explain these two facts:

1. excellent electrical conductivity is a signature of weak electron–phonon interaction

2. magnetism breaks up the Cooper-pairs
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The statement that “all metals become superconducting at 
sufficiently low temperatures” cannot, in principle, be disproved:

1. difficult to find SC with Tc < 10-2 K;

2. example of highly dilute alloys of the noble metals

(Au shows Tc of 0,2 mK and Cu of 10-6 mK);

3. example of a non-magnetic high-pressure phase of iron can become 

superconducting with a transition temperature up to 2 K

SC Elements considerations (3)

11
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SC Elements considerations (4)
There is no correlation apparent between the value of the Tc and other characteristic properties

12

Superconducting elements, their crystal structure and melting point, and some properties 
of the superconducting state: transition temperature Tc, Debye temperature QD, London 
penetration depth λ, Ginzburg-Landau coherence length ξGL, and critical magnetic field Bc. 
The  transition temperatures shown in brackets belong to additional crystal modifications.
Many of the entries can only be taken as an indication

Possible correlation between SC and the volume occupied by an 
atom within the metallic crystal (small volume is better for SC)
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Kammerlingh Onnes's visions
Construction of a 10 T Magnet with Hg and Pb Wires
Presented at 3rd International Congress of Refrigeration, Chicago 1913

13

• Experiments with Hg and Pb wires failed

• The coil lost superconducting properties already at small Current 
densities and at Magnetic Fields of several 100 Gauss

• The experiment ended with a disappointment and was terminated

The breakthrough only came decades later (1961)
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SC alloys
No pratical use of Superconductors untill the discovery of SC alloys

In 1931, W. J. de Haas and W. H. Keesom, discovered SC in an alloy

In 1941 NbN (Tc = 15K) and NbC (Tc = 16K) were discovered

Nb seems a good candidate for great SC alloys…

In 1953 Hardy and Huulm reported Tc=17 K in V3Si and discovered a new class of SC:
A15 (aka β-tungsten structure)

In 1954, Mathias et al. reported Tc=18 K in Nb3Sn

In 1954 George Yntema at Illinois built a magnet out of Nb wire that reached 0.3 tesla

In 1960, with Nb3Sn was realized the first electromagnets to exceed 1 tesla (9 T)

14
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Mathias rules
Mathias groups discovered hundreds of new SC following 6 simple rules…

15

Bernd Matthias

1. High symmetry is a good thing,
cubic symmetry is best

2. High density of electronic states
is a good thing

3. Stay away from oxygen
4. Stay away from magnetism
5. Stay away from insulators
6. Stay away from theoretical physicists!
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Valence electrons role

16

Bernd Matthias

Matthias indicates that the average 
number of valence electrons of a material 
represents a key to superconductivity

Transition temperature of some alloys of the transition metals
plotted versus the average number of valence electrons solid 
dots, Zr-Nb-Mo-Re; open circles, Ti-V-Cr.
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A15  Superconductors
The arrangement of the A atoms (Nb) along the chains parallel to the x, 

y, and z axes is highly characteristic. The orthogonal chains do not 

intersect. Within the chains, the A atoms (Nb) have a smaller mutual 

distance than in the lattice of pure Nb

17
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Organic Superconductors

18

Discovered in 1975

Predicted in 1964 by Little, 
suggesting possibility to have
room temperature SC due to 
Polaron mechanism instead of 
BCS one
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Organic Superconductors (2)

Fullerene Superconductors

19
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High Tc Superconductors?

Comments on Solid State physics 3, p.93 (1070)

20

BCS predicts for Tc values below 20 K

Some organic compounds become SC at high pressures
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High Tc Superconductors? 

21

Was this the limit?

Many said yes

Search for new SC with higher Tc mainly in metals and alloys

Oxides not considered – against the mainstream and common understanding
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Oxides superconductors
Superconductivity (Tc =0,3 K) was found in 1964 in the perovskite oxide SrTiO3

At IBM Rushlikon Laboratory in Zurich, Gerd Binnig (inventor of STM) in a team 
with Georg Bednondz push up Tc to 1,2 K with Nb doping

22
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The discovery of cuprate superconductors
J. George Bernondz and K. Alex Muller (that substituted
Gerd Binnig) open a new era of Superconductivity in 1986

They studied materials which showed Jahn-Teller effect

Electron Transfer causes dynamic JT effect→ LATTICE VIBRATIONS

23

Candidates for the center: Copper or Nickel 

J. Georg Bednorz – From LS to HTS, EASITrain School in Wien, 2019
1983
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The discovery of cuprate superconductors

24

J. Georg Bednorz – From LS to HTS, EASITrain School in Wien, 2019
1983
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The discovery of cuprate superconductors

25

J. Georg Bednorz – From LS to HTS, EASITrain School in Wien, 2019

3 Years Later no encouraging signs…

1983 1985
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The discovery of cuprate superconductors

A French group reported in 1985 metallic
behaviour between 300°C and -100 °C in a 
perovskite containing barium, lanthanum, 
copper and oxygen

Bernodz and Muller understood the 
potential of the structure as Superconductor

26

J. Georg Bednorz – From LS to HTS, EASITrain School in Wien, 2019
1983 1985
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The discovery of cuprate superconductors

27

Creation of Charge Carriers by Ionic Substitution

Local Chemical Variation - Spontaneous Distortion Jahn - Teller effect
J. Georg Bednorz – From LS to HTS, EASITrain School in Wien, 2019

1983 1985
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The discovery of cuprate superconductors
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Creation of Charge Carriers by Ionic Substitution

Local Chemical Variation - Spontaneous Distortion Jahn - Teller effect
J. Georg Bednorz – From LS to HTS, EASITrain School in Wien, 2019

1983 1985
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The discovery of cuprate superconductors

29

First sign of a Superconductor…

J. Georg Bednorz – From LS to HTS, EASITrain School in Wien, 2019
1983 1985 January 1986
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The discovery of cuprate superconductors

30

Bernodz and Muller get Tc of 30 K in La2-xBaxCuO4

J. Georg Bednorz – From LS to HTS, EASITrain School in Wien, 2019
April 19861983 1985 January 1986
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The discovery of cuprate superconductors

31

• The  work was published on Zeitschrift fur Physik to avoid refereeing process

• At first, a shy reception from the scientific community

April 19861983 1985 January 1986 August 1986
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The discovery of cuprate superconductors

32

• The  work was published on Zeitschrift fur Physik to avoid refereeing process

• At first, a shy reception from the scientific community

• At Houston, Paul Chu (student of Bernd Mathias in San Diego) read the paper

• Duplicate the work and applying a pressure of 13 kBar push Tc from 30K to 40K

April 19861983 1985 January 1986 August 1986 November 1986
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The discovery of cuprate superconductors

33

• The  work was published on Zeitschrift fur Physik to avoid refereeing process

• At first, a shy reception from the scientific community

• At Houston, Paul Chu (student of Bernd Mathias in San Diego) read the paper

• Duplicate the work and applying a pressure of 13 kBar pusch Tc from 30K to 40K

• Chu announced the result at a Conference

• Koichi Kitazawa of the University of Tokyo also duplicated the Zurich work and in 

addition identified the composition of the superconducting part 

April 19861983 1985 January 1986 August 1986 November 1986 December 1986
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How to increase Tc in cuprates?

34

April 19861983 1985 January 1986 August 1986 November 1986 December 1986
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How to increase Tc in cuprates?
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April 19861983 1985 January 1986 August 1986 November 1986 December 1986
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How to increase Tc in cuprates?
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April 19861983 1985 January 1986 August 1986 November 1986 December 1986
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How to increase Tc in cuprates?

37

Chu replace Ba with Sr obtaining the same effect of the pressure (Tc 39 K)

At Bell Labs Sr compound showed Tc=36 K and Meissner effect was proved

April 19861983 1985 January 1986 August 1986 November 1986 December 1986
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How to increase Tc in cuprates?

38

April 19861983 1985 January 1986 August 1986 November 1986 December 1986 January 1987
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How to increase Tc in cuprates?

39

April 19861983 1985 January 1986 August 1986 November 1986 December 1986 January 1987
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How to increase Tc in cuprates?

40

Chu replace La with Y obtaining a Tc of 93 K!!!

Higher than Nitrogen boiling point (77 K)

Structure of orthorhombic YBa2Cu3O7
aka YBCO

April 19861983 1985 January 1986 August 1986 November 1986 December 1986 January 1987
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How to publish without the risk of copy

41

• The syntesis of YBCO is relatively easy (shake and bake)

• Chu was faced with the same dilemma of Bednorz and Muller: where to publish the results?

• Chu asked to Physical Review Letters to publish without review

• He obtained «only» to choose the reviewer

• Chu substitute in the manuscript Y with Yb and correct the paper just before the publication

• Can you imagine the reaction of scientific comunity?

April 19861983 1985 January 1986 August 1986 November 1986 December 1986 January 1987
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New era of Superconductivity

42

The American Physical Society Meeting (March 1987)
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YBCO

43

Tc depends on Oxygen content

Tc versus x in YBa2Cu3O6+x . Data from Cava et al. (circles) 
and from Jorgensen et al. (triangles)
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Another importat cuprate: BSCCO

44



Cristian Pira   Superconductive Materials 8 Superconductive Materials: elements, alloys and HTS

Characteristic data of Cuprate Superconductors

Characteristic data of different cuprate superconductors: maximum transition temperature, magnetic penetration depths λab and λc for applied magnetic fields perpendicular and parallel to the layers, respectively, as well 
as the Ginzburg-Landau coherence lengths ξab and ξc parallel and perpendicular to the CuO2 layers, respectively. Also the upper critical fields for field orientations perpendicular and parallel to the planes, respectively, are 
given. In some cases, at low temperatures the upper critical fields are extremely high, and frequently they were extrapolated to low temperatures from the slope dBc2/dT near the transition temperature.

1



Cristian Pira   Superconductive Materials 8 Superconductive Materials: elements, alloys and HTS

Cuprates Phase Diagram

46

Cuprate phase diagram mystery The 
properties of the cuprates vary with 
temperature (y-axis) and the doping per unit 
cell of CuO2 (x-axis). Theorists are unable to 
explain why the superconducting transition 
temperature (thick black line) is so high in 
the cuprates. However, if they could 
understand the behaviour of the cuprates in 
the pseudogap region (blue), they might be 
able to explain high-temperature 
superconductivity

Bertram Batlogg and Chandra M Varma, Physics World 
(2020), The underdoped phase of cuprate 
superconductors
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Cuprates VS Mathias rules
Mathias rules…

47

1. High symmetry is a good thing,

cubic symmetry is best

2. High density of electronic states
is a good thing

3. Stay away from oxygen
4. Stay away from magnetism
5. Stay away from insulators

1. Crystal structures do not have high symmetry 
and are not cubic 

2. The density of electronic states is not high
3. Oxygen content is high 
4. There is proximity to a magnetic phase in 

the phase diagram

5. "Relative" (non-gap-doped) compounds are 
insulators

Cuprates
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Timeline of discovery of Superconductors

BCS

Heavy-fermions-based

Cuprate

Buckminsterfullerene-based

Carbon-allotrope

Iron-pnictogen-based
(the new black)

Source: Wikipedia

42
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Discovery of MgB2 (2001)

49
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Discovery of MgB2 (2001)

50

Double gap

Superconductor
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• https://arxiv.org/ftp/arxiv/papers/2307/2307.12037.pdf

• https://arxiv.org/ftp/arxiv/papers/2307/2307.12008.pdf

51

Superconductors at room Temperature
LK-99 (born July 2023, died August 2023)

https://www.nature.com/articles/d41586-023-02585-7

In July 2023, a group of South Korean researchers with two Arxiv 
publications announced that they had produced a superconductor 
with Tc of 400k at atmospheric pressure!

Sending the article to David Larbastier, a colleague commented as follows:
«Where would you place these authors on a scale from “shameless frauds” to 
“overenthusiastic scientists”? »

In less than a month, dozens of Research Centers replicated the results and proved that it 
was a fake! The material is an insulator and the magnetic levitation was a result of its 
ferroelectric properties due to the presence of copper sulfide impurities

https://arxiv.org/ftp/arxiv/papers/2307/2307.12037.pdf
https://arxiv.org/ftp/arxiv/papers/2307/2307.12008.pdf
https://www.nature.com/articles/d41586-023-02585-7
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Superconductors at room Temperature
Andrea Cavalleri, Max Plank Institute, Hamburg (2014)

YBCO irradiated with IR pulses @SLAC

The oscillation of the lattice can be 
modulated

A metastable state is obtained for few 
picoseconds

43

W. Hu, S. Kaiser, D. Nicoletti, C. R. Hunt, I. Gierz, M. C. Hoffmann, M. Le Tacon, T. Loew, B. Keimer & A. Cavalleri
Optically enhanced coherent transport in YBa2Cu3O6.5 by ultrafast redistribution of interlayer coupling
Nature Materials, published online: 11 May 2014 | doi:10.1038/nmat3963

http://dx.doi.org/10.1038/nmat3963
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