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Sotto una ben precisa temperatura “critica”, Tc, caratteristica del materiale:

Conduttore perfetto, diamagnete perfetto

Nascono correnti persistenti spontanee.
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tubes bursting or the thread  breaking either during thawing or freezing. At

the ends of the resistances there are mercury wires to conduct the current and

to measure potential d ifferences. (This is the most simple model theoreti-

cally: a branched  wire system all of the same metal. In the following model,

see Fig. 16, the lower portions of the voltage wires are replaced  by platinum

wires.)

As has been said , the experiment left no doubt that, as far as accuracy of

measurement went, the resistance d isappeared . At the same time, however,

something unexpected  occurred . The d isappearance d id  not take place grad-

ually but (compare Fig. 17) abruptly. From 1/ 500 the resistance at 4.2
o
K drops

to a millionth part. At the lowest temperature, 1.5
o
K, it could  be established

that the resistance had  become less than a thousand-millionth part of that at

normal temperature.

Thus the mercury at 4.2
o
K has entered  a new state, which, owing to its

particular electrical properties, can be called  the state of superconductivity.

It is very important to the study of the properties of this state that tin and

lead  can also become superconductive. The transition point of tin lies at

3.8
o
K, that of lead  probably at 6°K. Now that we are able to use these met-

als, which are easy to work, all types of electrical experiments with resist-

ance-free apparatus have become possible. To take one example: a self-con-

tained  coil, cooled  in the magnetic field , should , when the field  is removed ,

Fig. 17. T (K)

Annullamento della resistenza

T < Tc, Bext = 0T < Tc, Bext = 0
T < Tc, Bext �= 0, Bin = 0T < Tc, Bext �= 0, Bin = 0
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K drops
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K, it could  be established

that the resistance had  become less than a thousand-millionth part of that at

normal temperature.

Thus the mercury at 4.2
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K has entered  a new state, which, owing to its

particular electrical properties, can be called  the state of superconductivity.

It is very important to the study of the properties of this state that tin and

lead  can also become superconductive. The transition point of tin lies at

3.8
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K, that of lead  probably at 6°K. Now that we are able to use these met-
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[Ag, T = 4 K:                          ]� � 10�13 �cm
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Correnti persistenti

tempo di 
osservazione

tempo di 
decadimento 

(limite inferiore)

resistività
(limite superiore)

Quinn, Ittner
JAP 1962

7 hr 3.6 10-23 Ωcm

Broom
Nature 1961

3 hr 5 104 s 10-21 Ωcm

File, Mills
PRL 1963

21+37 d 1.5 105 yr 4.3 10-22 Ωcm

Collins
1954

2.5 yrs non stimato

I(t) = I0e
�t/�

?

per confronto:
Ag, T = 4 K
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Cuprati

35 K

(Nobel 1987)

Inizio della “corsa a Tc”

92 K

1987:
Wu (Alabama) & Chu (Houston),
Tc = 92 K in YBa2Cu3O7

1986
laboratori IBM 
di Zurigo:
Ba-La-Cu-O
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In 1986, the 75th anniversary of the discovery

of superconductivity, the field was literally

stuck in a deep freeze. Researchers’main goal

was to raise the critical temperature (T
c
) below

which a material conducts electricity with no

resistance, but progress had been slow. Start-

ing at 4.2 kelvin in 1911 with mercury, T
c
was

pushed up from the 1930s onward with a

series of intermetallic compounds—crystals

made from different metals—all involving

niobium. By 1973, the best T
c
had reached just

23.3 K (in Nb
3
Ge), and there it had stuck.

Researchers at IBM’s Zurich Research

Laboratory in Rüschlikon, Switzerland, like

many others, decided it was time to take a new

approach. In 1983, physicist Karl Alexander

Müller, a Rüschlikon researcher for 2 decades,

asked J. Georg Bednorz, a crystallographer

specializing in materials known as perovskites

who had joined IBM the previous year, to help

him with an unlikely project: searching for

new superconductors in complex metal

oxides, materials usually known as insulators.

Müller had recently returned from a 2-year

sabbatical at IBM’s research center at York-

town Heights, New York, and was fired with

enthusiasm to study superconductors. Years of

work with a perovskite oxide of strontium and

titanium (SrTiO
3
) had convinced him that per-

ovskites had potential as superconductors.

SrTiO
3

was already known to superconduct at

the low temperature of 0.3 K, and in 1978,

Bednorz, then at the Swiss Federal Institute of

Technology (ETH) in Zurich, had collabo-

rated with Rüschlikon’s Gerd Binnig in coax-

ing the T
c
of SrTiO

3
up to 1.2 K by doping the

crystal with niobium. Another perovskite,

made from barium, lead, and bismuth, had

been shown in 1975 to have a T
c
of 13 K.

Perovskite crystals with the right combi-

nation of metal ions, Müller concluded,

would be conductors with a strong coupling

between electrons and phonons, ripples in

the crystal lattice that in conventional super-

conductors act as the glue to stick electrons

together in pairs—an essential part of the

superconducting process.

Bednorz and Müller started out with per-

ovskites of lanthanum, nickel, and oxygen and

systematically replaced varying amounts of

the nickel with aluminium, the lanthanum

with yttrium, and finally the nickel with cop-

per. But superconductivity remained elusive.

In 1985, they paused to survey the literature.

Late that year, Bednorz came across a paper

by French researchers that described a per-

ovskite of barium, lanthanum, and copper. The

French team was interested in its catalytic

properties at higher temperatures, but

Bednorz realized that it fitted his and Müller’s

conceptual model perfectly.

Bednorz immediately set about fabricating

samples of the Ba-La-Cu oxide. But other

duties in the lab and a vacation during January

kept him from testing the samples until

late January 1986. As he described later in

his Nobel lecture,

Bednorz cooled down

a sample connected

to a probe to measure

resistivity. At f irst,

the sample appeared to behave like a conduc-

tor; then, at 11 K, the resistivity dropped away.

Over the next 2 weeks, the pair repeated the

experiment over and over, varying the compo-

sition of the oxide until they had a material in

which the resistivity reliably dropped at 35 K.

That was incredibly high by the prevailing

standards of superconductivity. But they were

well aware that the field was littered with sim-

ilar claims that could never be reproduced.

Nevertheless, given the importance of the dis-

covery, Bednorz and Müller published a paper

in the journal Zeitschrift für Physik describing

“Possible High T
c

Superconductivity” before

they were 100% sure. 

They were missing a crucial piece of evi-

dence: the Meissner effect, the ability of a

superconductor to expel all magnetic flux from

its interior. The pair had an agonizing wait for

the delivery of a DC SQUID magnetometer to

perform the magnetic measurements. In Sep-

tember, the machine was installed in the

Rüschlikon lab. Bednorz, with the help of

Masaaki Takashige, a Japanese researcher vis-

iting Rüschlikon for a year, measured the

material’s magnetic susceptibility and con-

firmed the Meissner effect at about the same

temperature as the resistivity drop. Bednorz

and Müller were now confident that they had

found a new class of superconductor and pub-

lished their new results in Europhysics Letters.

Heating up 
As the pair expected, Bednorz says, their early

talks about the discovery drew a fair amount

of skepticism. In late November, however,

newspapers reported that Shoji Tanaka’s

group at the University of Tokyo had success-

fully repeated their experiments, and Paul

Chu’s team at the University of Houston in

Texas quickly added further confirmation.

Chu went on to boost the T
c
to 50 K by putting

the sample under hydrostatic pressure and

then, by replacing the lanthanum with yttrium,

achieved superconductivity at the unimagin-

ably high temperature of 93 K.

Suddenly, superconductors were the

hottest show in town. Dozens of groups were

replicating the IBM work and trying different

oxides. “It was an exciting time,” says Bednorz.

Such was the flood of new work that at the

March 1987 meeting of the American Physi-

cal Society in New York City, a special

evening session was hastily organized to hear

some of the new work. Organizers allowed

researchers just 5 minutes each for their pre-

Determined Duo Scored a Victory
For Small-Scale Science
Two-man teams rarely win physics Nobels, but the discoverers of high-temperature
superconductivity showed the power of in-depth knowledge and a good hunch

PROFILE: KARL ALEXANDER MÜLLER AND J. GEORG BEDNORZ

Midnight oil. Müller
(left) and Bednorz had
to work nights to get
access to equipment.
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Alex Müller
Georg Bednorz

High-Temperature Superconductivity

The Nobel Prize in 

Physics 1987

"for their important break-through in the 

discovery of superconductivity in 

ceramic materials"

J. Georg Bednorz K. Alexander Müller

1/2 of the prize 1/2 of the prize 

Federal Republic of Germany Switzerland 

IBM Zurich Research 
Laboratory
Rüschlikon, Switzerland 

IBM Zurich Research 
Laboratory
Rüschlikon, Switzerland 

b. 1950 b. 1927

•http://www.nobel.se/physics/laureates
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Leghe, intermetallici, esotici, ...

diamante (drogato),
cementi (12 CaO • 7 Al

2
O

3
),

materiali idratati...

C. lntermetallic Compounds 131 

Fig. 6.9. 

Structure of Nb3Ge (Cr3Si type, A15), emphasizing the infinite linear chains of Nb atoms (a) 
and the framework of GeNb12 icosahedra (b). Large spheres: Nb; small spheres: Ge. 

techniques have in some cases allowed confirmation of the expected high values 

for the stoichiometric composition. For instance, a superconducting transition 

temperature of 23.2 K is reported for Nb 3 Ge sputtered thin films. Stoichiometric 

Nb3Sn (T c - 17.9 K) transforms to a tetragonal structure at 43 K. The amplitude 

of the discontinuity in heat capacity was found to be proportional to the fraction 

of tetragonal phase in the sample. V3Si (T c -- 17.0 K) undergoes a similar phase 

transition at 21 K. Another category of isotypic phases, called atypical A15 

phases, are formed where B is a late transition metal. These compounds have 

broader homogeneity domains, and the maximum in T c vs the composition is not 

always observed for the element ratio 3 : 1. For both categories, gradual substitu- 

tion by a third element on one or both sites has confirmed that there is a close 

correlation between the critical temperature and the valence electron concentra- 

tion, and the plot of T c vs the number of electrons per atom show well-defined 

maxima around 4.6 and 6.4 electrons. The former corresponds to compounds 

where B is (mainly) a nonmetal, the latter to compounds with (mainly) transition 

or noble metal elements on the B site. 

e. Other Tetrahedrally Close-Packed and Related Structures 

The tetragonal structure type CrFe is better known under the name a phase. The 

ideal composition and the homogeneity range vary greatly from one system to 

another. It is interesting to note that this structure type, with 12-, 14-, and 15- 

vertex Frank-Kasper coordination polyhedra, is also formed by an element 

modification,/~-U. In the binary ordered variant NbzA1, the 12-vertex polyhedra, 

i.e., the icosahedra, are centered by A1 atoms in sites conventionally labeled A and 

Nb3Sn

18.3 K 16 K

NbN

Nb3Ge

23.2 K

NbTi
Tc = 10 K

pnictidi
Tc

max= 52 K

MgB2

40 K

fullereni
Tc

max=52 K

35 K
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In 1986, the 75th anniversary of the discovery

of superconductivity, the field was literally

stuck in a deep freeze. Researchers’main goal

was to raise the critical temperature (T
c
) below

which a material conducts electricity with no

resistance, but progress had been slow. Start-

ing at 4.2 kelvin in 1911 with mercury, T
c
was

pushed up from the 1930s onward with a

series of intermetallic compounds—crystals

made from different metals—all involving

niobium. By 1973, the best T
c
had reached just

23.3 K (in Nb
3
Ge), and there it had stuck.

Researchers at IBM’s Zurich Research

Laboratory in Rüschlikon, Switzerland, like

many others, decided it was time to take a new

approach. In 1983, physicist Karl Alexander

Müller, a Rüschlikon researcher for 2 decades,

asked J. Georg Bednorz, a crystallographer

specializing in materials known as perovskites

who had joined IBM the previous year, to help

him with an unlikely project: searching for

new superconductors in complex metal

oxides, materials usually known as insulators.

Müller had recently returned from a 2-year

sabbatical at IBM’s research center at York-

town Heights, New York, and was fired with

enthusiasm to study superconductors. Years of

work with a perovskite oxide of strontium and

titanium (SrTiO
3
) had convinced him that per-

ovskites had potential as superconductors.

SrTiO
3

was already known to superconduct at

the low temperature of 0.3 K, and in 1978,

Bednorz, then at the Swiss Federal Institute of

Technology (ETH) in Zurich, had collabo-

rated with Rüschlikon’s Gerd Binnig in coax-

ing the T
c
of SrTiO

3
up to 1.2 K by doping the

crystal with niobium. Another perovskite,

made from barium, lead, and bismuth, had

been shown in 1975 to have a T
c
of 13 K.

Perovskite crystals with the right combi-

nation of metal ions, Müller concluded,

would be conductors with a strong coupling

between electrons and phonons, ripples in

the crystal lattice that in conventional super-

conductors act as the glue to stick electrons

together in pairs—an essential part of the

superconducting process.

Bednorz and Müller started out with per-

ovskites of lanthanum, nickel, and oxygen and

systematically replaced varying amounts of

the nickel with aluminium, the lanthanum

with yttrium, and finally the nickel with cop-

per. But superconductivity remained elusive.

In 1985, they paused to survey the literature.

Late that year, Bednorz came across a paper

by French researchers that described a per-

ovskite of barium, lanthanum, and copper. The

French team was interested in its catalytic

properties at higher temperatures, but

Bednorz realized that it fitted his and Müller’s

conceptual model perfectly.

Bednorz immediately set about fabricating

samples of the Ba-La-Cu oxide. But other

duties in the lab and a vacation during January

kept him from testing the samples until

late January 1986. As he described later in

his Nobel lecture,

Bednorz cooled down

a sample connected

to a probe to measure

resistivity. At f irst,

the sample appeared to behave like a conduc-

tor; then, at 11 K, the resistivity dropped away.

Over the next 2 weeks, the pair repeated the

experiment over and over, varying the compo-

sition of the oxide until they had a material in

which the resistivity reliably dropped at 35 K.

That was incredibly high by the prevailing

standards of superconductivity. But they were

well aware that the field was littered with sim-

ilar claims that could never be reproduced.

Nevertheless, given the importance of the dis-

covery, Bednorz and Müller published a paper

in the journal Zeitschrift für Physik describing

“Possible High T
c

Superconductivity” before

they were 100% sure. 

They were missing a crucial piece of evi-

dence: the Meissner effect, the ability of a

superconductor to expel all magnetic flux from

its interior. The pair had an agonizing wait for

the delivery of a DC SQUID magnetometer to

perform the magnetic measurements. In Sep-

tember, the machine was installed in the

Rüschlikon lab. Bednorz, with the help of

Masaaki Takashige, a Japanese researcher vis-

iting Rüschlikon for a year, measured the

material’s magnetic susceptibility and con-

firmed the Meissner effect at about the same

temperature as the resistivity drop. Bednorz

and Müller were now confident that they had

found a new class of superconductor and pub-

lished their new results in Europhysics Letters.

Heating up 
As the pair expected, Bednorz says, their early

talks about the discovery drew a fair amount

of skepticism. In late November, however,

newspapers reported that Shoji Tanaka’s

group at the University of Tokyo had success-

fully repeated their experiments, and Paul

Chu’s team at the University of Houston in

Texas quickly added further confirmation.

Chu went on to boost the T
c
to 50 K by putting

the sample under hydrostatic pressure and

then, by replacing the lanthanum with yttrium,

achieved superconductivity at the unimagin-

ably high temperature of 93 K.

Suddenly, superconductors were the

hottest show in town. Dozens of groups were

replicating the IBM work and trying different

oxides. “It was an exciting time,” says Bednorz.

Such was the flood of new work that at the

March 1987 meeting of the American Physi-

cal Society in New York City, a special

evening session was hastily organized to hear

some of the new work. Organizers allowed

researchers just 5 minutes each for their pre-

Determined Duo Scored a Victory
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Two-man teams rarely win physics Nobels, but the discoverers of high-temperature
superconductivity showed the power of in-depth knowledge and a good hunch
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Alex Müller
Georg Bednorz

1986

Nobel 1987
Ba-La-Cu-O

92 K

1987

YBa2Cu3O7 Cuprati: Tc
max = 164 K
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Uses of Superconductors
although it occurs only at very 
low temperatures, superconductivity has 
a wide variety of present-day uses, as well 
as potential future applications. Some of 
the most obvious derive from supercon-
ductors’ ability to carry high currents 

with no energy losses or resistive heating. 
An example is superconducting magnets 
that can produce magnetic fi elds in excess 
of 20 tesla (about 500 times stronger than 
a typical refrigerator magnet). Low-tem-
perature superconducting magnets such 
as these (and less strong ones) are used in 

labs and in magnetic resonance imaging 
machines in hospitals. Sales of these mag-
nets, crafted from niobium-based com-
pounds and alloys, continue to grow. 

Another high-current application 
that has been proposed is lossless power 
transmission lines, which can carry 

Heike Kamerlingh Onnes discovered superconductivity in 1911 
when he used liquid helium as a coolant to study the electrical 
properties of metals at low temperatures. To everyone’s 
surprise, when mercury was cooled to about 4.2 kelvins, it 
suddenly lost all electrical resistance. This threshold is known 
as the critical temperature, or Tc.

Other materials having ever higher critical temperatures 
were discovered slowly but surely during the fi rst fi ve decades 
of superconductivity research. All these superconductors 
were either pure metallic elements or intermetallic compounds 
(made of two or more metallic elements). But from the 1960s 
through the mid-1980s the maximum value of Tc seemed to be 
stuck in the low 20s.

All this changed in 1986 with the discovery of high-
temperature superconductivity in a slew of copper oxide–
based compounds. During the fi rst few years after this 
discovery, Tc values shot up, with mercury-barium-calcium-
copper-oxide having a Tc of about 130 K. This was a 
fantastically exciting time, but it soon became clear that the 
leading theory of how superconductivity arises—known as BCS 
theory [see box on page 86]— does not explain the absence of 
resistance in these materials. Despite almost 20 years’ worth 
of effort, there is still no defi nitive theory of how or why the 
copper oxide compounds superconduct.

These compounds also pose a multitude of physical 
challenges. Initially they were hard to make in either high-purity 
or single-crystal form, making the measurements of their 
fundamental properties diffi cult. In addition, the synthesis of 
wires is not easy: unlike the intermetallic superconductors, the 
individual grains that make up a piece of one of these oxides have 
to be aligned with respect to one another for the wire to have 
useful engineering properties. These problems left researchers 
and engineers wishing for a substance with the somewhat easier 
material properties of the intermetallic superconductors that 
also had a critical temperature signifi cantly higher than 20 K.

By the dawn of the new millennium, then, the superconducting 
state could be achieved with varying degrees of ease and 
expense. In the oxides, superconductivity was practical near 
77 K, which can be reached relatively easily by bathing the 
material in liquid nitrogen. The older intermetallic compounds 
such as triniobium tin were being used in the laboratory and as 
medical magnets operating at temperatures closer to 4 K, 
which can be reached with liquid helium.

The discovery in 2001 that the simple intermetallic 
compound magnesium diboride superconducts at 40 K, about 
double the temperature of the other intermetallics, was almost 
exactly what the doctor (or in this case, engineers) had ordered.  
  —P.C.C. and S.L.B.

A History of Superconductivity 
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Lunghezza di penetrazione
Il campo magnetico è espulso dal superconduttore decadendo su una 

lunghezza tipica: lunghezza di penetrazione di London

Dipende da T
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Campo critico
Un campo magnetico sufficientemente intenso

- dipendente da T -
distrugge la superconduttività.

Hc(T)

Hc H

B
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Fig. 10.9. Critical magnetic field Bc

versus temperature of type I super-
conductors (from di!erent authors)

Intermediate State

The shape of the specimen has an important influence on the magnetic be-
havior of superconductors. For a long rod oriented parallel to the applied
field, the magnetization of the rod has no appreciable e!ect on the magnetic
field. However, for samples with di!erent shape, the magnetization alters the
magnetic field seen by the specimen. For the ‘e!ective’ magnetic field Be! we
write

Be! = Ba ! Dµ0 M , (10.3)

where the demagnetization factor D depends on the sample shape. It is zero
for long cylinders parallel to the field, 1

3 for a sphere, 1
2 for a cylinder per-

pendicular to the field, and unity for a plate perpendicular to the field.
Using the fact that type I superconductors are ideal diamagnets, i.e.,

that M = !Be!/µ0, we find for the e!ective field Be! = Ba/(1 ! D). In
particular, for spherical samples the e!ective field is given by Be! = 3

2Ba.
This means that already at Ba = 2

3Bc, the field on the equator reaches the
critical value Bc, and magnetic flux will penetrate the sphere. In fact, the
sphere breaks up into alternating regions of superconducting and normal
material, the magnetic flux penetrating the normal conducting regions. In
this state, normal and superconducting domains are oriented parallel to the
applied field, with B = Bc in the normal domains. This peculiar state of
superconducting specimens is known as the intermediate state.

When the applied field reaches the critical value, there is very little normal
material. Increasing Ba further, the normal domains grow in such a way
that the critical field Bc is always present at the equator. In Fig. 10.10, the
magnetic flux through the equatorial plane is drawn as a function of Ba.
Starting at Ba = 2

3Bc, the magnetic flux increases linearly and reaches the
value of the normal conducting material at Bc.



(Densità di) corrente critica

Una densità di corrente sufficientemente intensa
- dipendente da T -

distrugge la superconduttività (“corrente di depairing”)

Jc(T)

Jc

TTc



“Superficie critica”



Risultati della teoria microscopica

Cooper (1956): una interazione attrattiva fra due elettroni, comunque piccola, in presenza di 
una sfera di Fermi occupata determina uno stato legato con E2e < 2EF

BCS (1957): esiste uno stato fondamentale in cui tutti gli elettroni formano coppie, con 
coerenza di fase (stato più ordinato), con una gap nella densità degli stati di singola particella .

Coppia correlata.
Scattering con dissipazione (trasferimento 
netto di momento) ––> rottura della coppia.
Energie troppo piccole rispetto alla gap
! –> supercorrente

Meccanismo: distorsioni (ritardate) del reticolo.
Più efficiente a basse T (vibrazioni termiche ridotte). 

2 elettroni

coppia
energia

attrattiva

en
er

gi
a



Applicazioni (alcune)
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Filtri per comunicazioni satellitari
basse perdite a microonde

Simon et al, IEEE Proc. 
92, 1585 (2004)

Reti wireless: dispositivi a elevata 
selettività per sfruttare la banda.

Filtri superconduttori: basse perdite.
Alta Tc: criogenia “semplice”.

Risposta tipica di 
un filtro HTS in uso 

nelle stazioni 
cellulari statunitensi

Comunicazioni satellitari:
Vantaggi dei componenti HTC: miniaturizzazione, selettività

Aspetto critico: tenuta in potenza (nonlinearità –> 
generazione di armoniche –> disturbi)

Nonlinearità: dovute alla generazione e moto di flussoni con 
il campo rf.

––> importanza del controllo artificiale del pinning.

Introduzione sulla Superconduttività e le sue applicazioni

Andrea Augieri

16/01/09

Dispositivi a superconduttore

Applicazioni della superconduttività

Filtri per telecomunicazioni

Elettronica digitale

Rivelatori

Già in commercio!

Con i superconduttori si possono realizzare rivelatori quali

• STJ (Superconducting Tunnel Junctions)

• TES (Transition Edge Sensors)

• Bolometri

• Microcalorimetri

• Abrikosov vortices resistance

caratterizzati da figure di merito migliori e con soglie di eccitazione 

minori (meV invece di eV dei tradizionali a semiconduttore)

L’elettronica a superconduttore è basata su sistemi complessi (array) 

di giunzioni Josephson spesso uniti a sistemi tradizionali a 

semiconduttori (sistemi ibridi). I circuiti integrati così ottenuti, sono 

caratterizzati da dissipazioni bassissime (pW) e altissima velocità

(oltre i THz). Esempi di circuiti elettronici a superconduttore sono:

• Ricevitori all-digital

• Trasmettitori all-digital

• Elementi di memoria a Q-bit 

15/15

I filtri per le telecomunicazioni cellulari tradizionali soffrono di perdita di 

segnale a causa delle elevate dissipazioni e di un del basso fattore di 

qualità che riduce il numero di canali disponibili in ogni cella.

I filtri a superconduttore permettono una suddivisione del territorio in celle 

più grandi grazie ad una bassissima dispersione del segnale e ad un

altissimo fattore di qualità. Attualmente oltre 10000 ripetitori nel mondo 

già montano filtri a superconduttore ad alta T
c

Prima utilizzazione commerciale degli alta T
c

Roma Tre: presentato un progetto regionale per la realizzazione in YBCO/BaZrO (2009)



Large scale!"#$%&'(")%*+,,)-(".-/01

'2"))%#*3%-$4.*"05*1-6%7*)/3%#*)/11%18/./#19:%0%#"./#1

;%%5*4-$4*<-%)51*"05*(=##%0.1

'2"))%#*3%-$4.*"05*1-6%7*)/3%#*)/11%1

>0%#$?*'./#"$%*8"$0%.1

@).#"*4-$4*<-%)5*1."A-)-.?7*)"#$%*"-#*$",1;8B*2"$0%.1**C8BDE

F-$4*2-(#/3"G%*,/3%#1H"G-.-%1*</#*+((%)%#"./#1*

I%(4-0-(")*J/-0.1+,,)-(".-/0

!/3*)/11%17*1%)<&(/0.#/))%5*)%G-.".-/08"$0%.-(*A%"#-01

F-$4*(=##%0.*5%01-.-%1*"05*2"$%0.-(*<-%)517*

4"1*)/3%#*)/11%1
I#"01</#2%#1

@1%1*4-$4)?*0/0)-0%"#*0".=#%*/<*

.#"01-.-/0
H=##%0.*!-2-.%#1

F-$4*(=##%0.*5%01-.-%1J/3%#*("A)%1

+5",.%5*<#/2*4..,K99333L(/0%(.=1L/#$9MM#/"52",L4.2)

Technical Points

Large magnetic fields for fusion reactors Mechanical stress, current carrying



Produzione di alti campi magnetici.
Elevata corrente critica di depinning.

Immagini da 
risonanza magnetica 
(diagnostica medica).

Alti campi = più contrasto.

Non esistono 
tecnologie alternative



Produzione di alti campi magnetici.
Elevata corrente critica di depinning.

Magneti da laboratorio e per usi 
biomedici senza liquidi criogenici.
Attualmente in vendita magneti in 

tecnologia “alta Tc”

Possibili installazioni in ambienti 
difficili, o “sul campo”

www.hts-110.com

Magnete da 5 Tesla
(con criogeneratore)



Produzione di alti campi magnetici.
Elevata corrente critica di depinning.

... nei grandi acceleratori
ENEA

Cavi superconduttori per i magneti 
nei reattori per fusione nucleare...

Non esistono tecnologie alternative

sviluppo di YBCO/
BaZrO in corso



Superconducting Fault Current Limiters
Corrente critica finita

Switch da impedenza bassa (idealmente nulla) a impedenza alta in caso di 
guasto sulla rete: gli spike di corrente non danneggiano gli impianti.
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Office of Electricity Delivery and Energy Reliability

www.oe.energy.gov

Office of Electricity Delivery and Energy Reliability, OE-1 
U.S. Department of Energy – 1000 Independence Avenue, SW – Washington, DC 20585

Plugging America Into the Future of Power

WHAT ARE FCLS?
A fault is an unintentional short 
circuit, or partial short-circuit, in an 
electric circuit.  A variety of factors 
such as lightning, downed power 
lines, or crossed power lines cause 
faults. During a fault, excessive 
current—called fault current— 
flows through the electrical system 
often resulting in a failure of one 
section of that system by causing a 
tripped circuit breaker or a blown 
fuse. A fault current limiter (FCL) 
limits the amount of current flow-
ing through the system and allows 
for the continual, uninterrupted 
operation of the electrical system, 
similar to the way surge protectors 
limit damaging currents to house-
hold devices. Currently, two broad 
categories of FCL technologies exist: 
high-temperature superconducting and solid-state.

WHY DO WE NEED FCLS?
The need for FCLs is driven by rising system fault current 
levels as energy demand increases and more distributed 
generation and clean energy sources, such as wind and solar, 
are added to an already overburdened system. Currently, 
explosive fault-limiting fuses are utilized to limit fault current, 
but they require a service call to replace the fuse after it blows 
and they are only available for voltages below 35 kV.  Series 
reactors are also used but they have constant high reactive 
losses, are bulky, and contribute to grid voltage drops.  FCLs 
overcome these weaknesses. Additionally, rising fault current 
levels increase the need for larger and often costly high imped-
ance transformers.  However, in contrast to these transform-
ers, FCLs operate with little to no impedance during normal 
operation which allows for a more stable system.

WHAT ARE THE BENEFITS TO UTILITIES?
FCLs offer numerous benefits to electric utilities. For in-
stance, utilities spend millions of dollars each year to main-
tain and protect the grid from potentially destructive fault 
currents. These large currents can damage or degrade circuit 
breakers and other expensive T&D system components. 
Utilities can reduce or eliminate these replacement costs by 
installing FCLs. Other benefits include:

 ! Enhanced system safety, stability, and efficiency of the   
 power delivery systems

 ! Reduced or eliminated wide-area blackouts, reduced   
 localized disruptions, and increased recovery time when   
 disruptions do occur

 ! Reduced maintenance costs by protecting expensive   
 downstream T&D system equipment from constant   
 electrical surges that degrade equipment and require   
 costly replacement

 ! Improved system reliability when renewables and DG are   
 added to the electric grid

 ! Elimination of split buses and opening bus-tie breakers

 ! Reduced voltage dips caused by high resistive system   
 components 

 ! Single to multiple shot (fault) protection plus automatic   
 resetting

Phone: 202-586-1411
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TYPES OF FAULT CURRENT LIMITERS

 ! High-temperature superconducting (HTS) FCLs use  
 superconducting-based material and reduce fault  
 currents by introducing a larger-than-normal   
 impedance into the path of the fault current. 

 ! Solid-state FCLs use high-speed solid-state switching  
 devices to rapidly insert an energy absorbing impedance  
 into the circuit to limit the fault current.

FCLs are a supporting technology in the Smart Grid.



Superconducting Fault Current Limiters
Corrente critica finita

Sfruttando la transizione allo stato normale, bobine superconduttrici ad alta Tc 
possono assorbire picchi di corrente lunghi vari millisecondi, evitando che porzioni 
di rete vengano isolate (black out). Si autoripristinano ritornando nello stato super.

Installazioni nella rte:
Germania (2004)

USA (Southern California Edison)
...

Non esistono tecnologie con stesse performance

Limitatore da 10 MVA.
Accel, Germania.

Zenergy Power Fault Current Limiter
A surge protector for the electric power grid
Major problems facing electric utilities include the threat of blackouts and other power grid instabilities 
and protecting aging infrastructure from rapidly increasing fault current levels resulting from growing 
electrical demand. These problems will increase as electric utilities transition to more renewable energy 
generation and experience continued load growth.

Fault Current Limiters (FCL) have widespread application throughout the entire electric grid. Demand for 
power quality and reliability have been rising steadily - well documented and more frequently occurring 
blackouts evidence the increasing pressure being exerted on the grid. Utilities increasingly need 
technology solutions to protect their grid while improving overall grid reliability and efficiency.

Key features of Zenergy Power’s FCL include:
– Entirely passive and self-triggered with immediate response time - within ! cycle;
– Automatic and instantaneous recovery, even under load;
– Inductive design protects the grid against prolonged or multiple fault events;
– Flexible footprint to accommodate space constraints.

Zenergy Power’s FCL shares some manufacturing similarities with many transformers, but is designed 
to be used in an electric grid as an industrial scale surge protector. The FCL offers power grid operators 
a capability that has been lacking for many years, specifically a product that protects the grid while 
maintaining grid reliability and reducing the cost of expanding grid capacity.

Benefits:
– Increased grid reliability;
– Reduced capital equipment costs;
– Protection of expensive downstream equipment from faults;
– Easily deployable - fits in the grid without any retrofitting.

Zenergy, 
prodotto 

commerciale



Accumulatori meccanici: energia viene immagazzinata in corpi rigidi 
rotanti, e può essere trasformata in energia elettrica.

Possibilità di accumulare energia nei periodi di minor uso. 
Più efficienti delle batterie.

problemi:
• attriti sui punti di contatto
• centraggio dei sistemi rotanti

Superconduttori (stato misto)
con forte pinning:
• sospensione magnetica
• auto centranti!

Numerosi progetti nel mondo.
Boeing + Argonne National Labs

Accumulatori: flywheels
Sospensione per ancoraggio di flussoni

Gyrobus G3 (1955)

171999 July • JOM

Figure 6. An experimental flywheel using a HTS bearing.

Figure 5. A HTS array for levitation systems requiring more
than one high-temperature superconductor.

tion (COF), defined as the rotational drag
force divided by the levitational force
(weight of the levitated rotor). The COF
is useful in comparing the performance
of different bearing designs or designs
that use different types of high-tempera-
ture superconductors because it helps to
normalize the effects of bearing size and
differences in moment between experi-
mental devices. The COF for a mechani-
cal roller bearing is ≈10–3. The COF for an
active magnetic bearing is ≈10–4 when
parasitic losses for the feedback circuits
and power for the electromagnets are
factored. Measured COFs for simple su-
perconductor bearings are as low as
10–7, and those for HTS bearings com-
bined with an Evershed-type design are
even lower.41 The parasitic losses of a
superconducting bearing are the power
required to keep the superconductor
cold. For refrigerators that operate at
about 30 percent of Carnot efficiency
(the theoretical maximum), ≈14 W of
electricity is required to remove 1 W of
heat at liquid-nitrogen temperatures.
Thus, the equivalent COF for a HTS bear-
ing is ≈2 × 10–6, about two orders of
magnitude lower than that of the best
alternative bearing.

An alternative design to the conven-
tional PM/HTS system is the mixed-µ
bearing.49,50 In this bearing, a soft ferro-
magnetic cylinder (µ > 1, where µ is the
magnetic permeability) is levitated at-
tractively between two PMs and stabi-
lized by a high-temperature supercon-
ductor (µ < 1) placed between the rotor
and each of the PMs. The PM pair in-
duces a magnetization in the ferromag-
netic cylinder, which experiences a
levitational force that depends on the
gradient of the applied magnetic field
from the PMs. The induced magnetiza-
tion in the ferromagnetic cylinder pro-
duces diamagnetic images and trapped
flux in the high-temperature supercon-
ductors for stabilization. One advantage
of this design is that the rotor can be
made of a material with high-tensile
stress, such as steel, and its maximum
rim velocity can be significantly greater
than that for a rotating PM or supercon-

ductor. A second advan-
tage is that losses in the
high-temperature super-
conductors are not af-
fected by inhomogene-
ities in the PMs, and this
bearing has obtained a
COF as low as 10–9. The
primary contribution to
a changing magnetic
field in the vicinity of the
superconductors is due
to radial oscillations of
the rotor. Disadvantages
of this design include
weak stability and diffi-
culty in scaling the de-
sign to larger sizes.

A dynamics topic of critical relevance
to the operation of HTS bearings is the
effect of a varying magnetic field at the
surface of the superconductors, either
from radial vibrations or pure rotation
of the PM, on the levitation height.51–53

Such a drift is in addition to any possible
change in levitation height due to force
creep. The drift in levitation height can
be made so severe that levitation is to-
tally lost, but these extreme cases can
usually be avoided by proper bearing
design. In the experiments performed in
our lab, some rotors have experienced a
drop in levitation height of several tenths
of a millimeter immediately after pass-
ing through the resonance, but after op-
eration at higher speeds this gap was
usually recovered.

APPLICATIONS

Because superconducting levitation is
versatile over a wide range of stiffness
and damping, it has been suggested for
numerous applications.3 Superconduct-
ing bearings, like magnetic bearings, do
not require a lubricant, which could be a
major advantage in harsh chemical or
thermal environments. In addition to
the early applications considered for low-
temperature superconductors men-
tioned in the introduction, such as elec-
tric motors and gyroscopes, the greater
understanding of the hysteretic behav-
ior has suggested new possibilities.

The availability of HTS
bearings that are so
nearly friction-free natu-
rally leads to their con-
sideration for flywheel
energy storage, and sev-
eral major projects have
investigated this applica-
tion.51–60 Flywheels with
conventional bearings
typically experience
high-speed-idling (that
is, no power input or out-
put) losses of ~1% per
hour. With HTS bearings,
it is believed that losses
as little as 0.1%/h are
achievable, even when

the flywheel powers the refrigerator
that cools the HTS. When coupled with
efficient motors/generators and power
electronics (capable of losses as low as
4% on input and output), the potential
exists for constructing flywheels with
diurnal storage efficiencies of 90%. Prob-
ably only one other technology is ca-
pable of achieving such high diurnal
storage efficiencies: large superconduct-
ing magnetic energy storage, which
employs superconducting coils hun-
dreds of meters in diameter.

Electric utilities have a great need for
inexpensive energy storage, such as fly-
wheels, because their inexpensive
baseload capacity is typically under-
utilized at night and they must use ex-
pensive generating sources to meet their
peak loads during the day. A distributed
network of diurnal-storage devices could
also make use of underutilized capacity
in transmission lines at night and add
robustness to the electric grid. These
factors are expected to become more
important in the coming deregulation of
the electric-utility industry. Efficient
energy storage would also be beneficial
to renewable energy technologies, such
as photovoltaics and wind turbines.

With modern graphite fiber/epoxy
materials, the inertial section of a fly-
wheel rotates with rim speeds well in
excess of 1,000 m/s and achieves energy
densities greater than those of advanced
batteries. The kinetic energy in a (large)
Frisbee-sized flywheel (Figure 6) with
this rim speed would be about 1 kWh,
and a person-sized flywheel (e.g., using
the composite rotor shown in Figure 7),
could store 20–40 kWh. Experimental
versions of flywheels that employ HTS
bearings have already stored greater than
2 kWh. For flywheel energy-storage ap-
plications, the performance of the HTS
bearings is already satisfactory. How-
ever, for these high-efficiency flywheels
to see widespread use, the cost of manu-
facturing the high-temperature super-
conductors, as well as the other compo-
nents of the flywheel, must be reduced
significantly.

HTS bearings are particularly inter-
esting for use in cryogenic turbopumps.61



Trasformatori
basse perdite ac

Tecnologia in rame:
• 3-6 % energia persa
• oli di raffreddamento infiammabili
• molto voluminosi

Tecnologia “alta Tc”:
• <1 % energia persa
• “amichevoli per l’ambiente” (azoto)
• 50% meno massivi e voluminosi

Numerose installazioni pilota (~10-40 
MVA) attualmente operative nella 

rete elettrica statunitense, giapponese 
e europea.

41 kVA superconducting transformer
European project READY



“Retrofit” di reti elettriche esistenti.
resistenza nulla

Futuribile, ma economicamente sostenibile.

Parità di diametro: cavi superconduttori trasportano 
corrente migliaia di volte maggiore di cavi in rame.

Confronto dimensionale cavi 1000 MVA

fonte: Tokyo Electric Power Company (TEPCO)

130 mm

fonte: American Superconductors

rame HTC

isolamento/supporto

Azoto 
liquido


