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100 ans d’HISTOIRE... 

pour découvrir, caractériser et comprendre (un peu) 
la supraconductivité



l’histoire commence avec la liquéfaction de l’hélium à Leiden en 1908
par le groupe de

Heike Kamerlingh-Onnes (1853-1926, Prix Nobel 1913)

assisté de

Cornelis Dorsman, 
en charge de la cryogénie 

et son étudiant 

Gilles Holst*, 
en charge de la mesure

* « oublié » du prix Nobel mais fondateur 
des laboratoires de recherche de Philips



Au début du 20e siècle 

la mécanique quantique est balbutiante et des 
mesures de chaleur spécifique montrent une 
décroissance inattendue à basse température.

Le 10 Décembre 1910, 
le groupe montre que la résistance électrique de 
Pt-B sature à basse température (option I) 

Pour étudier le role du désordre (tester l’option III) 
il décide alors de mesurer un métal plus pur : 

le mercure

The wish was the father of the thought.The stakes were
high: nothing less than a compact, powerful supercon-
ducting magnet. At the start of the century, Jean Perrin
had already put forward the idea of a liquid-nitrogen-
cooled magnet of copper wire, with a magnetic field of
100,000 gauss. Further quantitative analysis indicated
that a giant magnet of this kind would require 100 kilo-
watt of power.The timely discharge of the heat would
require at least 1500 litres of liquid air per hour, making
this ‘dream magnet’ as expensive to build as a battle crui-
ser. The situation with superconductivity was different.
At the third International Congress of Refrigeration in
Chicago, in the autumn of 1913,Kamerlingh Onnes once
again raised the issue of the super magnet.‘The solution
to the problem of obtaining a field of 100,000 gauss
could be obtained by a coil of, say, 30 centimetres in dia-
meter, and the cooling with helium would require a plant
which could be realized in Leiden with a relatively
modest financial support’, he wrote in his summary of
the cryogenic work in Leiden.‘Since we may confidently
expect an accelerated development of experimental
science, this future ought not to be far away’ [10]. In
Chicago, George Claude, founder of Air Liquide,
promptly took the initiative of providing financial
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! FIG. 2: Resistance ratios of some metals versus temperature T in kelvin.
Left-hand panel (a): Several platinum and gold resistors of various purities
measured at different hydrogen temperatures. Pt-B was the first resistor
ever to be cooled to helium temperatures in the experiment of 2 December
1910. The constant resistance below 4.3 K contradicted Kelvin’s model for
conductance; the electrons did not freeze onto the ion lattice at absolute
zero. The remaining resistance was due to scattering of the electrons on
impurities. By making the metal wires purer, both chemically and physically
(by annealing out the lattice disorder), the resistance was shifted down-
wards by a constant value, demonstrating that Matthiessen’s rule is valid
down to the lowest temperatures. Right-hand panel (b): The resistance ratio
of Pt and Au compared to that of mercury (Hg, steep curve). Here, I denotes
the temperature range of liquid hydrogen, II that of liquid helium.

" FIG. 3: Gerrit Jan Flim (left), head of the Leiden cryogenic laboratory, and Heike Kamerlingh Onnes
at the helium liquefier. Ca. 1920.

“ ”
The capillary construction was a masterpiece of
the Leiden-based glass blower Oskar Kesselring

THE DISCOVERY OF SUPERCONDUCTIVITY FEATURES

une question majeure divise la communauté : 

que devient la résistance électrique 
lorsque T tend vers 0



le refroidissement est lancé à 7h* 
et vers midi le cryostat est froid

une première mesure de R est effectuée à 4.3K 

R

T

0.1Ω

4.3K

* D. van Delft & P. Kes, Physics Today 2010 

l’équipe poursuit ces tests et effectue

une seconde mesure à 3K (4h) 

kwiknagenoeg null 

pratiquement nulle
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the resistance of sufficiently pure samples of platinum or gold
should become zero at liquid-helium temperatures.

Why was he so eager to continue those investigations
with mercury in particular? It must have been the large slope
of the R(T) curve for mercury at 14 K and the fact that, at that
temperature, the slope showed no sign of leveling off. Fur-
thermore, the Leiden lab had a lot of experience with the pu-
rification of mercury by distillation, and the material would
not be contaminated by the necessity of drawing a thin wire.
(The liquid mercury in a capillary simply freezes at 234 K 
[–39 °C].)

At the beginning of April 1911, the new cryostat was
ready for its first cooldown. It was a masterpiece of technical
design, demonstrating amazing levels of glassblowing skill
and fine mechanical construction6 (see figure 3). The transfer
tube had been replaced by a double-walled, vacuum-
pumped glass siphon, externally cooled by a counterflow of
liquid air forced through a copper capillary coil wound
around it. The liquefier and the cryostat could be separated
from each other simply by closing a valve. Another important
innovation, necessary for establishing a well-defined temper-
ature at the site of the measurement, was a stirrer connected
to a magnet at the top of the cryostat that could be moved up
and down by a motor. The action of valve and stirrer could
be directly followed through uncoated strips in the silvered
vacuum glass.

The main purpose of the 8 April 1911 experiment was to
test the transfer of liquid helium to the experimental cryostat.
But according to notebook 56, the helium gas thermometer
and the gold and mercury resistors needed to perform the
mercury-resistance measurements were already installed in

Figure 2. A terse entry for 8 April
1911 in Heike Kamerlingh Onnes’s
notebook 56 records the first ob-
servation of superconductivity. The
highlighted Dutch sentence Kwik
nagenoeg nul means “Mercury[‘s re-
sistance] practically zero [at 3 K].”
The very next sentence, Herhaald
met goud, means “repeated with
gold.” (Courtesy of the Boerhaave
Museum.)

Figure 3. Bottom of the cryostat in which Heike Kamerlingh
Onnes and coworkers carried out the 8 April 1911 experiment
that first revealed superconductivity. The original drawing is from
reference 6, but colors have been added to indicate various cryo-
genic fluids within the intricate dewar: alcohol (purple), liquid air
(blue), liquid and gaseous hydrogen (dark and light green), and
liquid and gaseous helium (dark and light red). Handwritten by
Gerrit Flim are labels for the mercury and gold resistors (Ω Hg and
Ω Au), the gas thermometer (Th3), components at the end (!a) of
the transfer tube from the helium liquefier, and parts of the liquid-
helium stirrer (Sb), which is also shown enlarged in several cross
sections at right. 

et Kammerlingh-Onnes note alors 
sobrement dans son cahier de manip ….

3K

Mais avant cela il doit tester un nouveau dispositif cryogénique, 
et une nouvelle expérience est lancée le 8 Avril 1911

l’échantillon de mercure est néanmoins monté « au cas ou »…. 



quelques heures plus tard, ils notent 
que l’ébullition du bain d’hélium

 cesse soudainement vers 2K

il venait de faire la première mesure de la supraconductivité 

sans en mesurer réellement l’importance,

et l’équipe poursuit donc ces tests cryogéniques….

https://www.youtube.com/watch?v=1RJKnbIvbMg

Le même jour, ils firent donc non pas une mais 
deux découvertes fondamentales !

……… un peu par hasard

ils venaient d’observer la 

transition superfluide de l’hélium



Mais Kamerlingh-Onnes reste convaincu que la résistance est non nulle…

Une nouvelle mesure plus précise est 
effectuée le 26 Octobre 1911 et 

montre que

ré
si

st
an

ce

température

R chute brutalement à 4.2K 

vers une valeur ~ 10000x 
plus faible qu’à 4.3K



correspondant à une résistance L/τ ~ 10-15 Ω
très probablement liée à la résistance de bouclage

ρ < 10-22 Ωcm (cuivre ~10-9 Ωcm)

et (même si c’est impossible à prouver expérimentalement)     R=0 

Le courant supraconducteur peut circuler indéfiniment, 
sans aucune perte, le mouvement est (probablement) perpétuel

il réalise (en 1914) une boucle supraconductrice parcourue par un courant et 
tente de déterminer la décroissance du champ magnétique crée mais n’observe 

(en quelques heures) aucune variation perceptible…

20 ans plus tard, Files et Mills observent (dans NbZr) une décroissance de B 
de l’ordre de 0.0001% après 1000 heures 

constante de temps τ ~ 100000 ans 



sous certaines conditions...

 et en 1933 

  Walther Meissner (1882-1974) et Robert Ochsenfeld (1901-1933)  

 mettent en évidence l’expulsion totale du champ magnétique

T>Tc T<Tc

~B = ~0



Lev Shubnikov (1901-1037) remarque en fait que dans certains composés
 B peut ne pas être nul et pourtant le matériau reste 

supraconducteur (R=0)

mais en 1961 à Grenoble 
Bruce Bailey Goodman 

propose une décomposition 
alternative en 
LAMELLES
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 Alekseï Abrikosov 
(1928-) prix Nobel 2003 

prédit en 1957* l'existence de 
tubes de champs  

= VORTEX 

* Abrikosov avait émis cette hypothèse dès 

1952 mais face à la réticence de Landau, il 

retarda la diffusa de ces travaux



confirmée en1967 par la première visualisation directe 
(décoration Bitter) des tubes de champs dans PbIn 

par U.Essman et H.Trauble
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Gor'kov's' " result
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FIe. 2. Comparison of the relation between H,2/H, and
H„/H, predicted by Abrikosov (Ref. 10) and Harden and Arp
(Ref. 21) (continuous curve) with experiment: & Ta and
alloys (Ref. 24), 6 V and alloys (Ref. 24), + Nb and alloys
(Refs. 17, 24, 25), 0 Pb—Tl alloys (Ref. 20), B Pb—Tl alloys
(Ref. 16), ~ In—Bi alloy (Ref. 19), )& V&Ga (Refs. 22, 23, 26).

We conclude that although the theoretical argu-
ments which indicate that the mixed state has a Aux
line structure rather than a laminar structure are ex-
tremely persuasive, there has not yet been performed
an experiment which succeeds in distinguishing un-
ambiguously between the two possibilities. The near-
est approach, so far, to a verification of the Aux line
structure is probably provided by the agreement be-
tween the values of ~ derived from different aspects
of the magnetizations curves of an In—Bi alloy
studied by Kinsel et at."

V. IRREVERSIBLE EFFECTS

So far we have been concerned principally with the
properties of the mixed state in thermodynamic equi-
librium, when each flux carrying region (which, from
now on, we assume to be a single quantum Aux line)

29 P. M. Marcus, Rev. Mod. Phys. 35, 294 (1964).

x = Kp + 0.167 X(0) '*ep&& (26)

(where pc is the resistivity in the normal state) does
not constitute an experimental verification of the
existence of Aux lines in the mixed state. Equations
(24) and (26) would apply equally well to the one-
dimensional solutions of the Ginzburg —Landau equa-
tions which Marcus has presented. "
Near H,2 Abrikosov predicts that the Aux lines will

arrange themselves in a square lattice. The side of
this square lattice, which tends to 2s.l) when II, tends
to H,2, is of the same order of magnitude as the spac-
ing between the laminas at H, = H,2 in the laminar
model.

is in equilibrium under the influence of the repulsive
forces due to its neighbors and, if it is near the sur-
face of the specimen, the repulsive force due to the
penetration of the external field into the interior of
the specimen in accordance with Eq. (1).
In the presence of extended lattice defects we may

expect small local Auctuations in the values of a and
P in the Ginzburg —Landau equations to cause the
free energy of a Aux line to Auctuate with position,
thus giving rise to potential barriers of various am-
plitudes near the lattice defects. Anderson, "by a,s-
suming that the fluctuations in n and p were of the
order of a fraction of a percent, has derived a relation
between the Lorentz force J & gs, due to a current
density J in the neighborhood of the flux line, and
the rate of thermally activated creep of Aux lines or
bundles of Aux lines across the potential barriers.
The film shown by DeSorbo in Toronto at the 7th

International Conference on Low Temperature
Physics" illustrated rather well the process of Qux
penetration in an irreversibly behaved specimen of
niobium, a superconductor which we now know to be
of the London type. "Nothing resembling the inter-
mediate state was seen, and the mixed state, having
a structure which is too fine to be resolved by optical
techniques, appeared as a continuously variable Qux
density. As the field surrounding a virgin specimen
was gradually increased, the mixed state ate its way
into the superconducting interior of the specimen, the
existence of a fairly sharp front separating the two
states corresponding to the rapid increase in Qux
penetration at a field H,& in reversibly behaved speci-
mens. The apparent pinning down of the boundary
between the superconducting and the mixed states,
at certain points where the Aux lines must have been
particularly firmly held, was evident from the fact
that this boundary was concave outwards.
Occasionally this boundary moved too rapidly for

the eye to be able to follow it, exhibiting what is now
called a Qux jump. Kim et a/. 32 have suggested that
flux jumps are favored if the thermal energy released
by the movement of bundles of Aux lines is conducted
away more slowly than the electromagnetic energy
released by local heating is converted into heat, thus
giving rise to an inherently unstable process which
may ultimately render large parts of the specimen
normal. Now both the removal of heat from a locally
overheated region and the inAux of electromagnetic
energy through the normal conducting wake of a Aux
sc P. W. Anderson, Phys. Rev. Letters 9, 809 (1962).
3& W. DeSorbo and W. A. Healy, General Electric Research

Laboratory, Report No. 61-RL—2748M, 1961 (unpublished).
32 Y. B. Kim, C. F. Hempstead, and A. R. Strnad, Phys.

Rev. 129, 528 (1963).

et si Goodman conclut en 1964

il montre finalement LUI MEME que 
la distribution en tubes est la bonne, en 1966

464 B. B.  Goodman 

In  figure 11 it is shown that equation (4.12), represented by the full curve, can 
be quite well fitted to the measurements of Joiner and Blaugher (1964) on a 
molybdenum-rhenium alloy (Goodman 1964 b). In  particular, the fit is much 
better than that obtained for a laminar structure of the mixed state, represented by 
the broken curve. In  figure 12 it is seen that, for a particularly reversibly behaved 
specimen of niobium (Serin 1965), In (He - Hcl) indeed varies linearly with B-’’g. 
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Figure 11. Fit (Goodman 1964 b) of theoretical ex- 
pressions for the magnetization to measurements 
on MO,.,, Re,.,, at t = 0.522 (Joiner and Blaugher 
1964). Full curve, equation (4.12); broken 
curve, the corresponding expression for the 
laminar model of the mixed state (Goodman 
1961). 
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Figure 12. Semi-logarithmic plot of He - He, 

against (H,,/B)ltZ for niobium (Serin 
1965), confirming, approximately, 
equation (4.13). 

However, Marcus (1965), on the basis of an approximate cellular solution of the 
G L  equations, has predicted that the transition at H,, should be of first order, with 
a small discontinuous change in the magnetization. In  order to decide unambigu- 
ously which theoretical prediction is correct, further magnetization measurements 
need to be made on a specimen having (i) a vanishingly small demagnetizing 
coefficient, (ii) extremely reversible magnetic behaviour, and (iii), for the purpose 
of a quantitative comparison with equation (4.12), a large value of K .  

If, as seems most probable (Serin 1965), the magnetization curve of a type I1 
superconductor at low inductions is indeed described by equation (4.12) then, in 
view of the Pippard thermodynamic equations (Pippard 1956, 1957, chap. 9, 
Garland 1964), the specific heat at constant He should show a lambda-type anomaly 
(Goodman 1964 c, Maki 1965). 

In  order to generalize the calculations given above to allow for variations in 
temperature, we take as our general definition of the Gibbs free energy per unit 



to the presence of quasiperiodic and disordered pinning po-
tentials. We investigate whether the vortex pattern in the
sample is the result of the structure growth from nucleation
centers distributed at random or if it follows a predetermined
pattern characteristic of each sample. This is achieved using
a simple technique recently developed in our laboratory that
allows us to engineer pinning potentials by means of a novel
method: Bitter pinning. In this technique the Fe clumps used
to observe the vortex structure in a first Bitter decoration
become pinning centers for new vortex structures. A second
decoration allows the observation of the new vortex pattern
and the comparison with the Fe clump distribution of the first
one.
The Bitter pinning technique is shown to be appropriate to

determine the conditions for an effective matching between
vortex and artificially induced pinning structures. We dem-
onstrate that the matching condition is rather subtle and does
not require the expected stronger pinning associated with the
Fe pattern, as compared with that of the bulk. When bulk
pinning is essentially zero an extremely weak quasiperiodic
potential is capable of locking commensurate vortex struc-
tures breaking the translational as well as the rotational sym-
metry of the vortex lattice.

II. EXPERIMENTAL TECHNIQUE AND SAMPLE

CHARACTERIZATION

In the vortex decoration technique small Fe particles !of
the order of 200 Å diameter" diffusing in a He gas atmo-
sphere are attracted by the field modulation produced by the
vortex pattern at the surface of the sample.14 The clumps
formed by the iron particles remain attached to the surface by
van der Waals forces and are observed by SEM at room
temperature. In the Bitter pinning the sample is cooled again
in the presence of the Fe clumps and the effect of the surface
introduced pinning on the new vortex structure is analyzed.
In all the experiments described in this work the vortices

are nucleated in field cooling experiments.
The influence of the pinning induced by the Fe clumps on

the critical current is studied by dc electrical resistance, mag-
netization loops and ac susceptibility measurements.
The relevance of the resultant weak Fe periodic pinning

potential on the vortex distribution and correlation in real
space is made evident by the following procedure: Once the
sample is decorated in a first FC experiment it is warmed up
to room temperature to observe the Fe clumps. Subsequently,
the sample is FC again down to 4 K and a second Bitter
decoration is performed to observe the vortex structure. A
portion of the sample is masked in the first decoration in
order to verify the quality of the second one. Details of the
technique have been reported elsewhere.15,16

The degree of periodic order in the first Fe pattern to be
used in the Bitter pinning can be controlled by making use of
two effects: dynamical ordering and dynamical memory.
Dynamical ordering was theoretically predicted and ob-

served experimentally and in computer simulations.9,17–19 It
has been shown that the disorder of vortex patterns nucleated
in the presence of random potentials is strongly reduced
when the vortex structure is displaced by forces exceeding
the critical.
Dynamical memory is an experimental result showing

that the dynamically induced order is preserved when the
force acting on the vortex structure is suddenly removed.
This memory effect shows that the direction of the applied
force determines the orientation of the vortex quenched lat-
tice. Dynamical memory is of basic importance to produce
the oriented quasiperiodic pinning potential of the Bitter pin-
ning technique. In this way polycrystalline vortex structures
nucleated in NbSe2 are transformed into almost perfect peri-
odic structures extended over the whole sample.15 An ex-
ample is shown in Fig. 1: Thousands of Fe dots induced in
the first decoration become the quasiperiodic structure to be
used in subsequent decorations.
A simple technique to generate dynamical ordering and

preserve memory is to induce currents exceeding the critical
by rapid magnetic field rotations.20 This method has the ad-
vantage of inducing currents with no need of electrical con-
tacts in the sample. The sample is FC from room temperature
down to 4 K, the applied magnetic field is rotated to a given
angle and then rapidly returned to the original orientation.
The rotation used in the experiments described in this paper
is accomplished by switching on and off a field HT , perpen-
dicular to the applied one. We call this experiment field cool-
ing rotation !FCR".
The samples used in this work are single crystals of

Bi2Sr2CaCu2O8 grown using the self-flux technique in a
large temperature gradient.21 The samples are annealed in an
Ar atmosphere at 500 °C for 20 h followed by a fast cool
down to achieve optimal doping. The crystals are character-
ized by x-ray diffraction and energy dispersive spectroscopy
!EDS" to ensure the right structure and composition. The
critical temperature TC#87 K is determined using ac suscep-
tibility measurements. The superconducting parameters are
$#2000 Å and %#10 Å . Typical sample dimensions are 1
mm2 area and 50 &m l thickness, with the c axis oriented
parallel to the thin dimension.
In order to keep the surface of the sample in optimal

conditions the decoration is made using different freshly
cleaved samples.

FIG. 1. Magnetic decoration pattern of the flux-line lattice in
NbSe2 superconductor. The white dots depict the positions of the
vortices after a FCR process !see text" down to 4.2 K at 36 Oe with
a field rotation at an angle of 60°. In the inset, the Fourier transform
of the vortex pattern shows a six peak structure that makes evident
its crystalline nature.
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la taille du coeur défini
une longueur fondamentale :

longueur de cohérence (ξ) 

les vortex ont une « rugosité » qui résulte d’un compromis 
entre leur élasticité et la présence de désordre 

⟺ aux lignes de front des feux de forêts ou aux vagues sur la plage

existence d’un état MIXTE

ils se distribuent alors dans le matériaux pour former 

un nouvel état de la matière appelé verre de Bragg*
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Aimant

Supraconducteur
vortex

enfin ils sont à l’origine du phénomène de lévitation dans 

les supraconducteurs

et ces lignes de taille mésoscopique peuvent se déplacer dans le 

matériau par effet tunnel !



1934 :   Fritz (1900-1954) et Heinz (1907-1970) London 
             montrent alors que dans un système non dissipatif (R=0) l’expulsion
              du champ obéit en fait à l’équation :

      λ = longueur de pénétration~

B/�

2 = � ~

rot[µ0
~

J ]

~

rot[ ~B] = µ0
~

J

et ! µ0
~J = �[ ~A+ ~r�]/�2

1950 :  Vitaly Ginzburg (1918-2009, prix Nobel 2003) et Lev Landau (1908-1968)  
           établissent une théorie thermodynamique de la transition de
           phases basée sur l’existence d’un paramètre d’ordre complexe 

et si la phase 𝜙* est a priori indéterminée

elle est constante dans tout le supraconducteur
état quantique MACROSCOPIQUE

� = ~�/q* 



* 

… et tout comme la brisure de la symétrie électro-faible confère une masse 
aux  bosons W and Z, médiateur de l’interaction faible 

m =
~
c�

cette brisure de la symétrie U(1) confère une MASSE* aux photons ! 

mécanisme de Higgs-Anderson

Brisure (spontanée) 
de la symétrie de jauge électromagnétique [U(1)]

la mise en évidence du boson de Higgs
dans les supraconducteurs reste toutefois délicate…

car sauf cas particulier son énergie** est supérieure à l’énergie de condensation

mH =
~
c⇠** 



Et enfin en 1957 :
John Bardeen (1908-1991), Leon Cooper (1930-), Robert Schrieffer (1931-) 

établissent une théorie microscopique montrant qu’un condensat de paires 
se forme du fait de l’interaction électrons-phonons (prix Nobel 1972)

H
(2)
e�ph =

X

k,q

| < k|V (q)|k � q > |2

Ei(k)� Ef (k, q)

en regroupant les termes de la somme*
« 2 par 2 » en k et -k 

il s’avère que cette interaction est attractive

⇠ �2V 2/~!D

* théorie des perturbations au second ordre

Tc ⇠ !Dexp(�1/�e�ph)

et en introduisant le coefficient de couplage 

densité d’états

�e�ph ⇠ [g(EF )]⇥ [2V 2/~!D � U ]



La supraconductivité c’est donc :

un état quantique macroscopique dans lequel les 
photons ont une masse et les électrons s’attirent 

(pour former des paires) et peuvent circuler sans aucune perte 
(mouvement perpétuel)

à la fin des années 50,

la supraconductivité semble néanmoins être parfaitement comprise



CRAS, 1960    

et au cours des deux décennies suivantes la recherche va se concentrer sur  

la découverte de nouveaux supraconducteurs 

dans les éléments simples tout d’abord

 tous supraconducteurs SAUF 

les métaux nobles (Cu,…) et les éléments magnétiques (Fe,Ni,…),

5 éléments devraient avoir une Tc inférieure au mK !

mais supérieure au μK.... (restent à être découverts (je crois)...)

...

...



et hormis la découverte de certains composés exotiques  

dichalcogénures : coexistence ODC/supraconductivité (2H-NbSe2 - 1975)

fermions lourds (CeCu2Si2 - 1978)

supraconducteurs organiques (1979)

le sujet semblait clos*…. 

* et De Gennes tourna la page…

Mais la priorité reste néanmoins d’augmenter la température critique dans 

 des intermétalliques de plus en plus complexes, 

binaires

Phases de Chevrel :15K dans PbMo6S8 (1971)

«A15» : A3B [cubique]  : 23K : Nb3Ge
puis ternaires etc… 



et Bernt Mathias* propose en1976  
6 règles élémentaires pour une recherche fructueuse  

de nouveaux supraconducteurs

- high symmetry is good, cubic symmetry is best

- high density of electronic states is good

- stay away from oxygen

- stay away from insulators 

- stay away from magnetism

- stay away from theorists

* éminent physicien (Bell Labs, UCSB), qui découvrit des 100aines de composés supraconducteurs



et toutes ces indications (de bon sens...) se sont avérées être

la supraconductivité 2.0 débuta en 1986…
avec la découverte des supraconducteurs

à haute température critique

par  
Johannes Bednorz (1950-) et Karl Muller (1928-)

(prix Nobel 1987)

fausses ! 
(sauf peut-être la dernière...)



- des systèmes très anisotropes  
structure lamellaire : plan CuO supraconducteur 
séparé par des « réservoirs de charge » (dopage)

- ayant une densité d’états modeste  
isolants de Mott dopés, fortes corrélations 
faible densité superfluide  (~1/100 métal standard)

- des OXIDES :  Y1Ba2Cu3O7-x,…. 
et même des oxides de cuivre alors que le cuivre n’est pas supraconducteur

violant ainsi les trois premières règles de Mathias pour atteindre

Tc =138K*  dans Hg0.8Tl0.2Ba2Ca2Cu3O8.3 

* et même 163K sous pression. Ce qui reste le record à ce jour car malgré 44 annonces de supraconductivté à 

température ambiante, aucune de ces annonces n’a été validée par la communauté….



Le mécanisme de couplage conduisant à ces Tc reste très mal compris

ces systèmes NE PEUVENT PAS être décrits par la théorie BCS 

- Ordre antiferromagnétique (faible dopage)  
résonance excitations de spins

- Gap (paramètre d’ordre) de symétrie d (~cos(2φ))  
brisure d’une seconde symétrie et existence d’un « pseudogap » au dessus de Tc

- des systèmes très anisotropes  
structure lamellaire : plan CuO supraconducteur 
séparé par des « réservoirs de charge » (dopage)

- ayant une densité d’états modeste  
isolants de Mott dopés, fortes corrélations 
faible densité superfluide  (~1/100 métal standard)

- des OXIDES :  Y1Ba2Cu3O7-x,…. 
et même des oxides de cuivre alors que le cuivre n’est pas supraconducteur
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Transmission electron studies (18) were
performed on reference samples grown under
conditions identical to those described above.
Cross-sectional cuts were prepared by me-
chanical polishing followed by low-energy,
low-angle ion milling and investigated by scan-
ning transmission electron microscopy (STEM)
(18). Figure 1A shows a high-angle annular dark
field (HAADF) STEM image of the sharp
interface between a 15-uc-thick LaAlO3 film
and the SrTiO3 substrate. The film is found to be
coherent with the substrate with no obvious
defects or dislocations at the interface, resulting
in biaxial tensile strain of ≅ 3%, as measured
from STEM images (18). The out-of-plane lattice

constant of the LaAlO3 film is ≅ 3.78 Å, which
is close to the bulk value and suggests either a
rather small Poisson ratio as previously reported
(20) or out-of-plane relaxation in the thin film
(21). To obtain an upper limit on the extent of
electronic structure and compositional changes
below the interface, electron energy-loss spec-
troscopy (EELS) in the STEMwas used to probe
the chemistry of the heterostructure at the atomic
scale. Simultaneously recorded O-K and Ti-L2,3

edges close to and far away from the interface are
shown in Fig. 1, B and C. By 1.5 nm away from
the interface, the changes in the O-K edge are
very slight, suggesting an upper limit to the
oxygen vacancy concentration of 3%. At 6 nm

away from the interface, the changes in the O-K
and Ti-L2,3 edges comparedwith bulk SrTiO3 fall
below the noise level (<1% oxygen vacancy
concentration). The small changes of the Ti-L2,3
edges are consistent with a slight increase in Ti3+,
either from oxygen deficiency (22) or a com-
pensating interface charge (18).

Two samples were analyzed by transport
measurements and found to be conducting (Fig.
2A), their 2-uc-thick control structures being
insulating (resistance R > 30 MW) at all temper-
atures T (32 mK < T < 300 K). At T ≅ 4.2 K, the
Hall carrier densities of the 8-uc and 15-uc sam-
ples equal ≅ 4 × 1013/cm2 and ≅ 1.5 × 1013/cm2,
and the mobilities ≅ 350 cm2/Vs and ≅ 1000
cm2/Vs, respectively. Whether the differences in
the sample properties present an intrinsic effect
that is caused by the variation of the LaAlO3

thickness remains to be explored. The Hall re-
sponse is only weakly temperature dependent
[Hall resistance RH(300 K)/RH(4.2 K) ≅ 0.8 and
0.95 for the 8-uc and 15-uc samples, respective-
ly]. Magnetic fields up to m0H = 8 Twere applied
to the 8-uc-thick sample, revealing a positive
magnetoresistance. The samples investigated
here do not show a hysteretic magnetoresistance.
No minimum is found in the R(T) characteristics
of the 8-uc sample, such as was reported recently
for LaAlO3/SrTiO3 samples fabricated under
different conditions (6). For the 15-uc sample, a
shallow minimum in the R(T) curve was ob-
served at 4 K.

At ≅ 200mK and ≅ 100mK, respectively, the
8-uc and 15-uc samples undergo a transition into
a state for which no resistance could be measured
(Fig. 2A). The widths of the transitions (20% to
80%) of the 8-uc and 15-uc samples are ≅ 16mK
and ≅ 51 mK, respectively. The resistance drops
by more than three orders of magnitude to below
the noise limit of the measurement (18). Ap-
plication of a magnetic field m0 H = 180 mT
perpendicular to the interface completely sup-
presses this zero-resistance state (Fig. 2B). Figure
3A displays the voltage versus current (V-I)
characteristics of a bridge in the 8-uc sample,
measured using a dc technique. At low temper-
atures, the V-I characteristics show a well-defined
critical current Ic. The occurrence of the zero-
resistance state and the characteristic R(T,H) and
V(I,H) dependencies provide clear evidence for
superconductivity.

The Tc(H) dependence, where Tc is defined as
R(Tc) = 0.5 × R(1 K), provides a measure for the
upper critical field Hc2(T). The Hc2(T) curve is
shown in Fig. 2C; Hc2(0 K) ≅ 65 mT and ≅ 30
mT for the 8-uc and 15-uc samples, corre-
sponding to coherence lengths x(0 K) ≅ 70 nm
and ≅ 105 nm, respectively. Figure 3B shows the
temperature dependence of the critical currents
per unit width. The maximal values of Ic are 98
mA/cm and 5.6 mA/cm for the 8-uc and 15-uc
samples, respectively. A steplike structure in the
V(I) curves displayed by the 15-uc sample (not
shown) indicates that the low Ic of this sample is
caused by inhomogeneities. Just below Ic, the

Fig. 1. STEM and EELS
analysis of a LaAlO3/SrTiO3
heterostructure. (A) High-
angle annular dark field
image of a 15-uc-thick
LaAlO3 film grown on SrTiO3
showing a coherent interface.
(B) O-K EELS spectra of the
SrTiO3 close to (1.5 nm) and
far away from the interface.
Even at 1.5 nm from the
interface, the O-K fine struc-
ture is only very slightly
damped compared with the
bulk. The damping could be
caused by the presence of a
low concentration of oxygen
vacancies. (C) Small changes
of the Ti-L2,3 fine structure
close to the interface are
consistent with a small concentration of Ti3+, which falls below the detection limit by 6 nm from the
interface and beyond.

Fig. 2. Transport measurements on LaAlO3/SrTiO3 heterostructures. (A) Dependence of the sheet
resistance on T of the 8-uc and 15-uc samples (measured with a 100-nA bias current). (Inset) Sheet
resistance versus temperature measured between 4 K and 300 K. (B) Sheet resistance of the 8-uc
sample plotted as a function of T for magnetic fields applied perpendicular to the interface. (C)
Temperature dependence of the upper critical field Hc2 of the two samples.
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Isolant 1

Isolant II

mais lorsque 2 isolants sont mis en contact….

Mathias avait également indiqué (4eme règle) : stay away from insulators

Malheureusement le dopage maximal obtenu (pour l’instant) est de 
l’ordre de 3%  (conduisant néanmoins à Tc ~10K)

De même le diamant (et le silicium) = meilleur isolant 
➾ « bon » supraconducteur lorsqu’il est dopé (au bore)

leur interface
 peut devenir 

supraconductrice !

Transmission electron studies (18) were
performed on reference samples grown under
conditions identical to those described above.
Cross-sectional cuts were prepared by me-
chanical polishing followed by low-energy,
low-angle ion milling and investigated by scan-
ning transmission electron microscopy (STEM)
(18). Figure 1A shows a high-angle annular dark
field (HAADF) STEM image of the sharp
interface between a 15-uc-thick LaAlO3 film
and the SrTiO3 substrate. The film is found to be
coherent with the substrate with no obvious
defects or dislocations at the interface, resulting
in biaxial tensile strain of ≅ 3%, as measured
from STEM images (18). The out-of-plane lattice

constant of the LaAlO3 film is ≅ 3.78 Å, which
is close to the bulk value and suggests either a
rather small Poisson ratio as previously reported
(20) or out-of-plane relaxation in the thin film
(21). To obtain an upper limit on the extent of
electronic structure and compositional changes
below the interface, electron energy-loss spec-
troscopy (EELS) in the STEMwas used to probe
the chemistry of the heterostructure at the atomic
scale. Simultaneously recorded O-K and Ti-L2,3

edges close to and far away from the interface are
shown in Fig. 1, B and C. By 1.5 nm away from
the interface, the changes in the O-K edge are
very slight, suggesting an upper limit to the
oxygen vacancy concentration of 3%. At 6 nm

away from the interface, the changes in the O-K
and Ti-L2,3 edges comparedwith bulk SrTiO3 fall
below the noise level (<1% oxygen vacancy
concentration). The small changes of the Ti-L2,3
edges are consistent with a slight increase in Ti3+,
either from oxygen deficiency (22) or a com-
pensating interface charge (18).

Two samples were analyzed by transport
measurements and found to be conducting (Fig.
2A), their 2-uc-thick control structures being
insulating (resistance R > 30 MW) at all temper-
atures T (32 mK < T < 300 K). At T ≅ 4.2 K, the
Hall carrier densities of the 8-uc and 15-uc sam-
ples equal ≅ 4 × 1013/cm2 and ≅ 1.5 × 1013/cm2,
and the mobilities ≅ 350 cm2/Vs and ≅ 1000
cm2/Vs, respectively. Whether the differences in
the sample properties present an intrinsic effect
that is caused by the variation of the LaAlO3

thickness remains to be explored. The Hall re-
sponse is only weakly temperature dependent
[Hall resistance RH(300 K)/RH(4.2 K) ≅ 0.8 and
0.95 for the 8-uc and 15-uc samples, respective-
ly]. Magnetic fields up to m0H = 8 Twere applied
to the 8-uc-thick sample, revealing a positive
magnetoresistance. The samples investigated
here do not show a hysteretic magnetoresistance.
No minimum is found in the R(T) characteristics
of the 8-uc sample, such as was reported recently
for LaAlO3/SrTiO3 samples fabricated under
different conditions (6). For the 15-uc sample, a
shallow minimum in the R(T) curve was ob-
served at 4 K.

At ≅ 200mK and ≅ 100mK, respectively, the
8-uc and 15-uc samples undergo a transition into
a state for which no resistance could be measured
(Fig. 2A). The widths of the transitions (20% to
80%) of the 8-uc and 15-uc samples are ≅ 16mK
and ≅ 51 mK, respectively. The resistance drops
by more than three orders of magnitude to below
the noise limit of the measurement (18). Ap-
plication of a magnetic field m0 H = 180 mT
perpendicular to the interface completely sup-
presses this zero-resistance state (Fig. 2B). Figure
3A displays the voltage versus current (V-I)
characteristics of a bridge in the 8-uc sample,
measured using a dc technique. At low temper-
atures, the V-I characteristics show a well-defined
critical current Ic. The occurrence of the zero-
resistance state and the characteristic R(T,H) and
V(I,H) dependencies provide clear evidence for
superconductivity.

The Tc(H) dependence, where Tc is defined as
R(Tc) = 0.5 × R(1 K), provides a measure for the
upper critical field Hc2(T). The Hc2(T) curve is
shown in Fig. 2C; Hc2(0 K) ≅ 65 mT and ≅ 30
mT for the 8-uc and 15-uc samples, corre-
sponding to coherence lengths x(0 K) ≅ 70 nm
and ≅ 105 nm, respectively. Figure 3B shows the
temperature dependence of the critical currents
per unit width. The maximal values of Ic are 98
mA/cm and 5.6 mA/cm for the 8-uc and 15-uc
samples, respectively. A steplike structure in the
V(I) curves displayed by the 15-uc sample (not
shown) indicates that the low Ic of this sample is
caused by inhomogeneities. Just below Ic, the

Fig. 1. STEM and EELS
analysis of a LaAlO3/SrTiO3
heterostructure. (A) High-
angle annular dark field
image of a 15-uc-thick
LaAlO3 film grown on SrTiO3
showing a coherent interface.
(B) O-K EELS spectra of the
SrTiO3 close to (1.5 nm) and
far away from the interface.
Even at 1.5 nm from the
interface, the O-K fine struc-
ture is only very slightly
damped compared with the
bulk. The damping could be
caused by the presence of a
low concentration of oxygen
vacancies. (C) Small changes
of the Ti-L2,3 fine structure
close to the interface are
consistent with a small concentration of Ti3+, which falls below the detection limit by 6 nm from the
interface and beyond.

Fig. 2. Transport measurements on LaAlO3/SrTiO3 heterostructures. (A) Dependence of the sheet
resistance on T of the 8-uc and 15-uc samples (measured with a 100-nA bias current). (Inset) Sheet
resistance versus temperature measured between 4 K and 300 K. (B) Sheet resistance of the 8-uc
sample plotted as a function of T for magnetic fields applied perpendicular to the interface. (C)
Temperature dependence of the upper critical field Hc2 of the two samples.
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Reyren 2007

les calculs théoriques (ab initio) prédissent une 
Tc ~ 60K pour ~25% de dopage !

are forbidden due to the large energy penalty for boron clus-
tering in graphite.27 This constraint significantly reduces the
set of possible structures at larger boron concentrations and
thus reduces the sampling error due to the small number of
structures considered for the large supercell.

The results of both sets of boron-doped diamond calcula-
tions are displayed in Fig. 1. Plotted are the Tc values calcu-
lated from the Allen–Dynes formula21 and the quantities used
in the formula: !, "log!exp"ln "# and "2!$""2#. Since
only three integrals over #2F%"& are needed to calculate Tc,
there is no need to explicitly generate an averaged boron
concentration dependent spectral function. Instead, we fit the
three relevant quantities that are linear in #2F%"&—!, !""2#,
and !"ln "#—to functions of boron concentration using a
least-squares procedure. Only the small supercell data set is
used in the fit due to inadequate sampling of the large varia-
tions in the average phonon frequencies of the large super-
cell. The fitting function is a third-order polynomial times the

cubic root function, which is the doping dependence of the
electronic density of states near the band edge for parabolic
bands in three dimensions. The least-squares fit is weighted
by the inverse square root of the number of data points at a
given boron concentration to avoid biasing the fit to the high
concentration regions that have more data points. A limita-
tion of this fitting procedure is that it assumes that the aver-
age boron concentration of the material is equal to the local
average in each supercell, ignoring long-range fluctuations in
boron concentration.

The averaged Tc values correspond to bulk superconduc-
tivity and have a broad plateau near 55 K for boron doping
greater than 20%. A superconducting state may still percolate
through the material at temperatures higher than the bulk Tc
values, their higher Tc being set by an averaged spectral
function including only a subset of the material with above-
average electron-phonon coupling. The variance in electron-
phonon coupling in the data set suggests that there might still
be a substantial fraction of the material able to superconduct
in the 70 –80 K regime. The data suggest a rapid, exponen-
tial increase in Tc for boron doping levels up to around 6%,
associated with the weak-coupling limit of superconductiv-
ity. Beyond 6% boron doping, the material is in an
intermediate-coupling regime, where Tc is less sensitive to
variations in ! and has a broad plateau over a wide boron
concentration. The strong-coupling bound21 on Tc at $*

=0.12, Tc%0.16$!""2#, is plotted in Fig. 2 and has a similar
featureless plateau beyond 6% boron doping. There is a fac-
tor of 3 difference between the strong-coupling bound and
calculated Tc values because ! saturates near a value of 1.
Values of ! between 2 and 3 are required to get within 70%–
80% of the bound in the case of an Einstein phonon spec-
trum.

A few structures in the 54-atom supercell data set have !
values much larger than 1, but their Tc values remain similar
to the !'1 structures. These large ! values are the result of
contributions from a small number of very low frequency
modes and do not represent the effective ! associated with
the higher frequency modes that dominantly contribute to
!""2# and ultimately Tc. Since "log is more sensitive than "2

to the low frequency part of the phonon spectrum, the soft-
ening of a few phonon modes also causes "2 /"log to deviate
significantly from 1. In this scenario, the Allen–Dynes for-
mula penalizes the Tc away from the strong-coupling regime
through the deviation of "2 /"log from 1.21 The correlation
between large "2 /"log−1 and large ! is apparent in Fig. 1.

In the doping regime up to 25% boron concentration,
there appears to be good agreement between the large and
small supercells with regard to their phonon frequencies and
electron-phonon couplings. This indicates a convergence
with respect to supercell size. Beyond 25% boron concentra-
tion, the large supercell has a smaller average phonon fre-
quency that is a result of lattice distortions allowed to de-
velop due to an increased number of structural degrees of
freedom in the larger unit cell. This effect is unlikely to be
converged with respect to supercell size and may lead to
qualitatively different behavior at large boron concentrations.
We regard the value of 25% doping as the onset of lattice
instability and the region beyond is not accurately repre-
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FIG. 1. Average phonon frequencies, coupling constant, and
Allen–Dynes formula Tc values for the large %circle& and small
%box& supercell calculations and the bulk average %line&. The gray-
scale values of the boxes represent the fraction of data points at that
boron concentration in the interval spanned by the box. An outlier is
omitted, !=7.5 at 50% boron doping for the large supercell. Boron
concentrations beyond 25% are in a region of structural instability
for which this study is not sufficiently converged with respect to
supercell size.
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et en 1957 R.M. Swift and D. White  
[J. Am. Chem. Soc.]

avaient publié une liste (pas de courbe) de la 
chaleur spécifique de MgB2 

qui présentait un point « aberrant » 
qui était passé totalement inaperçu…

et de même Li1-xBC, isolant pour x=0 devrait avoir une Tc ~150K pour 
x=0.5 mais n’a jamais pu être synthétisé (jusqu’à présent…)

... mais devient en 2001 la découverte

d'une supraconductivité* à Tc ~ 40K
dans un système conventionnel

* groupe du Pr. Akimitsu, 2001



 B en structure graphite (hexagonal)

la conduction est alors assurée
 par les liaisons π (pz) et ces liaisons σ (sp2) 

et la présence des ions Mg2+ entre les plans 
remonte les liaisons covalentes σ au dessus de EF

 

Partiel de « Physique du Solide » - Master 1 de Physique, UJF 

 

Vendredi 4 Janvier 2008 

Tous documents autorisés 

 

 

N=6.02.1023, kB=1.3810-23 (J/K), me=9.110-31 (kg), e=1.610-19 (C), h=6.610-34 (Js) 

 

La supraconductivité du système MgB2 a été mise en évidence en 2001. Ce système très 

simple défraya la chronique d’une part par sa valeur particulièrement élevée de Tc (jusqu’à ~ 

39K) mais surtout du fait de sa structure électronique 

particulière. L’objet de ce partiel sera d’étudier cette 

structure électronique et les phonons dans ce composé. 

 

MgB2 est constitué de plans de Bore isostructuraux aux 

plans de carbone dans le graphite : structure hexagonale 

en « nid d’abeille » (voir figure ci-contre) avec 

a=b=3.08A, c=3.52A, chaque maille (pointillée) 

contient donc une formule chimique i.e. 2B et 1Mg.  

0.a Rappelez ce qu’est le réseau réciproque et les règles de quantification du vecteur k.  

0.b Quel est la symétrie du réseau réciproque dans le cas de MgB2 

 

Relations de dispersion des électrons 

 

En l’absence de Mg les relations de 

dispersion E(k) seraient celles représentées 

ci-contre. Ces courbes ont été tracées pour 

cinq directions particulières du réseau 

réciproque : les directions1 !M, MK, K! et 

AL sont quatre directions du plan kx-ky et !A 

est parallèle à kz. ! est le centre de la zone de 

                                                
1 Il n’est pas utiles de connaître la signification exacte de ces direction pour traiter le sujet. 

orbitales ! : 

recouvrement de 

2 orbitales p

orbitale " :

recouvrement de 2 

orbitales sp2p

sp2

sp2
sp2

et de surcroit une supraconductivité dite  "multi-gap" 

deux supraconducteurs co-existent dans le même matériau ! 

 ⇓
Tc ~ 40K

 ⇓ 
Tc ~ 10K

Tout comme dans C:B, Li1-xBC (hypothétique) ou même Rb3C60 (Tc ~ 35K)

la forte valeur de Tc est liée aux liaisons covalentes



Mais qu’en est-il de la 5eme règle de Mathias :  stay away from magnetism

elle a résisté jusqu’en 2006 : groupe du Pr.  Hideo Hosono 

Iron-Based Layered Superconductor : LaOFeP (Tc ~6K)

des dizaines de nouveaux composés ont vu le jour en quelques mois !

et en 2008 en remplaçant P par As ⇒ les pnictides 

présentant des Tc étonnement hautes
111 : Li1-yFeAs ~ 18K 

122 : (Ba,K)Fe2As2 ~ 36K
1111 : Gd(O,F)FeAs ~ 54K

cette découverte reste néanmoins assez  « confidentielle »

structure en feuillets = blocs FeAs (supraconducteurs)
Fe en coordination tétraédrique

 séparés par des blocs réservoirs plus ou moins complexes



plutôt de « mauvais » métaux (faible densité superfluide)
présentant un ordre magnétique : onde de densité de spin

et qui devient, comme pour 
les cuprates, supraconducteur 

lorsqu’on le dope

une famille très riche avec de nombreuses possibilités de dopage : 
en trous (Ba/K), en électrons (Fe/Co) ou même iso-électronique (Fe/Ru)



MgB2

deux paramètre
d'ordre (gap) couplés, 

isotropes  
et de même signe, 

associés à deux nappes 
distinctes 
de la SF

Cuprates
un paramètre 

d'ordre (gap) changant 
de signe sur la SF

Supraconducteur
«traditionnel»
un paramètre 

d'ordre (gap) isotrope

Pnictides
un paramètre
d'ordre (gap) 

changant
 de signe entre les 
différentes nappes 

de la SF

plutôt de « mauvais » métaux (faible densité superfluide)
présentant un ordre magnétique : onde de densité de spin

à l’origine d’un mécanisme de couplage « exotique » 
très probablement basé sur les fluctuations de spin
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Abstract
We found that hot alcoholic beverages were effective in inducing superconductivity in
FeTe0.8S0.2. Heating the FeTe0.8S0.2 compound in various alcoholic beverages enhances the
superconducting properties compared to a pure water–ethanol mixture as a control. Heating
with red wine for 24 h leads to the largest shielding volume fraction of 62.4% and the highest
zero resistivity temperature of 7.8 K. Some components present in alcoholic beverages, other
than water and ethanol, have the ability to induce superconductivity in the FeTe0.8S0.2

compound.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery of Fe-based superconductors, a great
deal of study on a search for new superconductivity in
related compounds has been actively performed [1–6].
The parent phase of Fe-based superconductors basically
undergoes an antiferromagnetic transition. To achieve
superconductivity, suppression of this antiferromagnetic
ordering is needed. Elemental substitutions suppress the
antiferromagnetic ordering and produce superconductivity.
For example, BaFe2As2, which is one of the parent
phases, becomes superconducting with Ba-, Fe- and As-
site substitution: Ba1−xKx Fe2As2, Ba(Fe1−xCox)2As2 and
BaFe2(As1−x Px)2 [3, 7, 8]. Furthermore, superconductivity
in SrFe2As2 is induced by being exposed to water [9]. Since
various substitutions can induce superconductivity, the search
for dopants to induce or enhance superconductivity of Fe-based
compounds is an attractive area of study.

FeTe undergoes an antiferromagnetic transition around
70 K and does not show superconductivity. Elemental
substitution for the Te site can suppress the magnetism.
For example, S substitution suppresses the magnetic order,
and S-substituted FeTe synthesized using a melting method
shows superconductivity [10]. However, the synthesis of

superconducting FeTe1−x Sx is difficult owing to the solubility
limit caused by a large difference in ionic radius between S
and Te. We have reported that FeTe1−x Sx synthesized using
a solid-state reaction does not show bulk superconductivity
while the antiferromagnetic ordering seems to be suppressed.
However, bulk superconductivity is induced in the FeTe1−x Sx

sample by air exposure, water immersion and oxygen
annealing [11–13]. Recently we have discovered an amazing
method to induce superconductivity. Here we show the
inducement of superconductivity in an FeTe0.8S0.2 compound
by immersing the sample in alcoholic beverages.

2. Experimental details

Polycrystalline samples of FeTe0.8S0.2 used in this study were
prepared using the solid-state reaction method. Powders of Fe,
Te and TeS were sealed into an evacuated quartz tube with
a nominal composition of FeTe0.8S0.2 and heated at 600 ◦C
for 10 h. After furnace cooling, the products were ground,
pelletized, sealed into the evacuated quartz tube and heated
again at 600 ◦C for 10 h. The pellet was cut into several
pieces. Soon after the cutting of the pellet, we immediately
carried out the measurement using one of the pieces to
obtain the as-grown data. Other pieces (∼0.15 g) obtained
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Abstract
We found that hot alcoholic beverages were effective in inducing superconductivity in
FeTe0.8S0.2. Heating the FeTe0.8S0.2 compound in various alcoholic beverages enhances the
superconducting properties compared to a pure water–ethanol mixture as a control. Heating
with red wine for 24 h leads to the largest shielding volume fraction of 62.4% and the highest
zero resistivity temperature of 7.8 K. Some components present in alcoholic beverages, other
than water and ethanol, have the ability to induce superconductivity in the FeTe0.8S0.2

compound.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery of Fe-based superconductors, a great
deal of study on a search for new superconductivity in
related compounds has been actively performed [1–6].
The parent phase of Fe-based superconductors basically
undergoes an antiferromagnetic transition. To achieve
superconductivity, suppression of this antiferromagnetic
ordering is needed. Elemental substitutions suppress the
antiferromagnetic ordering and produce superconductivity.
For example, BaFe2As2, which is one of the parent
phases, becomes superconducting with Ba-, Fe- and As-
site substitution: Ba1−xKx Fe2As2, Ba(Fe1−xCox)2As2 and
BaFe2(As1−x Px)2 [3, 7, 8]. Furthermore, superconductivity
in SrFe2As2 is induced by being exposed to water [9]. Since
various substitutions can induce superconductivity, the search
for dopants to induce or enhance superconductivity of Fe-based
compounds is an attractive area of study.

FeTe undergoes an antiferromagnetic transition around
70 K and does not show superconductivity. Elemental
substitution for the Te site can suppress the magnetism.
For example, S substitution suppresses the magnetic order,
and S-substituted FeTe synthesized using a melting method
shows superconductivity [10]. However, the synthesis of

superconducting FeTe1−x Sx is difficult owing to the solubility
limit caused by a large difference in ionic radius between S
and Te. We have reported that FeTe1−x Sx synthesized using
a solid-state reaction does not show bulk superconductivity
while the antiferromagnetic ordering seems to be suppressed.
However, bulk superconductivity is induced in the FeTe1−x Sx

sample by air exposure, water immersion and oxygen
annealing [11–13]. Recently we have discovered an amazing
method to induce superconductivity. Here we show the
inducement of superconductivity in an FeTe0.8S0.2 compound
by immersing the sample in alcoholic beverages.

2. Experimental details

Polycrystalline samples of FeTe0.8S0.2 used in this study were
prepared using the solid-state reaction method. Powders of Fe,
Te and TeS were sealed into an evacuated quartz tube with
a nominal composition of FeTe0.8S0.2 and heated at 600 ◦C
for 10 h. After furnace cooling, the products were ground,
pelletized, sealed into the evacuated quartz tube and heated
again at 600 ◦C for 10 h. The pellet was cut into several
pieces. Soon after the cutting of the pellet, we immediately
carried out the measurement using one of the pieces to
obtain the as-grown data. Other pieces (∼0.15 g) obtained

0953-2048/11/055008+04$33.00 © 2011 IOP Publishing Ltd Printed in the UK & the USA1

Further� Li�was� located� at� the� 2b� site� (0,� 0,� ½).� Although� Li�makes� a�minor� contribution� to� the�
scattering� in� the�presence�of�N,�D,�Fe�and�Se,� the�Li�site�occupancy�was�consistently� less� than� the�
formula�(LiND2)Fe2Se2�would�suggest.�Unconstrained�refinement�of�the�site�occupancies�of�the�two�D�
sites� and� the� Li� sites� produced� a� refined� composition� of� Li0.6(1)ND2.8(1)Fe2Se2� which� may� be�
reformulated�Li0.6(1)(ND2)0.2(1)(ND3)0.8(1)Fe2Se2�with�intercalation�of�lithium�amide�and�ammonia.�About�
20�%�of�the�Li�included�in�the�synthesis�appears�as�a�separate�LiND2�phase�present�in�the�products.�
ReͲexamination�of� the�HRPD�data�collected�at�8�K� resulted� in�a� significant� improvement� in� the� fit�
when�ND3�was�accommodated�in�place�of�some�LiND2�and�the�refined�composition�at�8�K�using�HRPD�
data� was� similar� to� that� obtained� from� the� refinement� against� GEM� data� at� 298� K� with� some�
redistribution� of� Li.� The� final�model� is� shown� in� Figure� 1� and� the� supporting� information.� In� the�
model�N–D�bonds�of�about�1�Å�from�[ND2]

–�and�ND3�species�are�directed�towards�the�selenide�ions�
with�DͼͼͼSe�distances�of�2.75�Å�consistent�with�weak�hydrogen�bonding� interactions�comparable�to�
those� found� in� the� lithium/ammonia� intercalates� of� TiS2.

20� The� uncertainty� in� our� refinements� is�
partly�associated�with�the�large�displacement�ellipsoids�for�the�intercalated�species�typical�for�similar�
systems,20,23�but�the�refinements�show�that�most�of�the�N� is�present� in�ND3�molecules�and�the�Li� :�
amide�ratio�exceeds�unity� implying�donation�of�electrons� (0.2(1)�per�FeSe�unit)�to�the�FeSe� layers,�
consistent� with� the� proposed� Rb0.3(1)Fe2Se2� superconducting� phase� suggested� by� NMR�
measurements.17�The�crystal�structure�obtained�from�the�refinement�against�NPD�data� is�shown� in�
Figure�1�and�the�Rietveld�fits�are�shown�in�Figure�2.�

�

�

Figure� 1.� The� crystal� structure� obtained� from� the� refinement� against� neutron� powder� diffraction�
data�on�Li0.6(1)(ND2)0.2(1)(ND3)0.8(1)Fe2Se2�at�298�K� (GEM�data).� In� the�model�each�square�prism�of�Se�
atoms� contains� either� an� [ND2]

–� anion� or� an� ND3� molecule� and� these� are� both� modelled� as�
disordered� over� four� orientations.� The� sizes� of� the� spheres� representing� the� Li� atoms� are� in�
proportion�to�their�site�occupancies.�

à noter…. Li0.6(NH2)0.2(NH3)0.8Fe2Se2 ~ 43K

quelques mots sur FeSe : phase 11, pas de bloc réservoir (Se et non pas As)
une énergie de Fermi extrêmement basse : Tc/TF ~ 1/10 

et même si Tc < 8K* c’est donc un système à très haute Tc

* Tc ~ 100K lorsqu’il est déposé sous forme de monocouche (sur SrTiO3) 



et dans ce cas le graal est peut-être l’hydrogène métallique 
peut-être supraconducteur à température ambiante mais en attendant….

H3S

Nature, Septembre 2015

record battu (et homologué)
mais à 140 GPa

et pour finir… la principale « piste » de supraconducteur à haute Tc est : 

les éléments légers



les supraconducteurs conventionnels 
vers (peut-être) une supraconductivité 

à température ambiante 
dans les composés légers (hydrogène)

Une prédiction peu optimiste…

les cuprates :  un mécanisme de 
couplage toujours mystérieux, l’aventure 

continue (et passe par une meilleure 
compréhension de l’état normal)

 les isolants supraconducteurs  
systèmes covalents, interfaces

 (et surfaces), systèmes désordonnés 
(une transition toujours débattue) etc…

les supraconducteurs magnétiques  
fermions lourds, pnictures (et autres 

composés à base de fer) qui prouvent que 
tout est possible

Non pas une mais quatre routes vers la 
supraconductivité à température ambiante…

et de nombreuses questions ouvertes !



Pour finir
quelques mots sur quelques applications

- production de champs magnétiques intenses (IRM, CERN, ITER, MagLev)

- détecteurs (Kinetic Inductance Detectors) : 100-200GHz (astrophysique)

- Electrotechnique : limiteurs de courants, ligne R=0 (Long Island, 600MW-1km)

- …

Merci pour votre attention


