
SS 2023
MVCMP-1

335

10. Superconductivity

Gerrit Jan Flim                       Heike Kamerlingh Onnes

Leiden 1911

23 May 1911 



SS 2023
MVCMP-1

336

10. Superconductivity



SS 2023
MVCMP-1

337

10. Superconductivity



SS 2023
MVCMP-1

338

10. Superconductivity

Observations regarding superconductivity

► small atomic volume appears to favor superconductivity

► metals, semi-metals, semi-conductors (highly doped)

► not superconducting:  good conductors Ag, Au, Cu, K, …. and magnetic systems Fe, Ni, Co, …

► impurities are unimportant, except magnetic impurities

► structural order is unimportant: single crystals, poly crystals, alloys, amorphous solids

► transition temperatures are material dependent and spread over a wide range

► sufficiently large magnetic fields destroy superconductivity
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10. Superconductivity

Superconductors in magnetic fields

Type-I superconductors  (pure metals like Pb, Hg, In, Al, …

350 10 Superconductivity

10.1.3 Type I Superconductor

High magnetic fields destroy superconductivity and restore the normal con-
ducting state. Depending on the character of this transition, we may distin-
guish between type I and type II superconductors.

Most pure metals like Pb, Hg, In or Al are type I superconductors. The
behavior of a long superconducting rod in an external magnetic field Ba

is visualized in Fig. 10.8. Small fields are fully screened, i.e., currents
are induced that generate a magnetization acting opposite to the applied
field Ba = µ0H. Since the magnetic flux is completely expelled we may
write Bi = Ba + µ0M = 0, where Bi is the field, or more correctly the mag-
netic induction, inside the sample. Thus, the magnetization M is given by
M = −Ba/µ0, resulting in the susceptibility

χ =
µ0M

Ba
= −1 . (10.1)

This is an important result expressing the fact that type I superconductors
are ideal diamagnets.
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Fig. 10.8. (a) Magnetic field Bi inside a type I superconductor, and (b) its (neg-
ative) magnetization as a function of the applied magnetic field Ba

If the external field is increased, screening breaks down at the critical
magnetic field Bc, and a transition to the normal state takes place. Bc de-
pends on temperature, as shown in Fig. 10.9, for some type I superconductors.
Note that all simple superconductors exhibit qualitatively the same variation,
which can be expressed approximately by the empirical relation

Bc(T ) = Bc(0)

[
1 −

(
T

Tc

)2
]

. (10.2)
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field expelled:  

ideal diamagnet
Bc(T)
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Fig. 10.9. Critical magnetic field Bc

versus temperature of type I super-
conductors (from different 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 effect on the magnetic
field. However, for samples with different shape, the magnetization alters the
magnetic field seen by the specimen. For the ‘effective’ magnetic field Beff we
write

Beff = 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 = −Beff/µ0, we find for the effective field Beff = Ba/(1 − D). In
particular, for spherical samples the effective field is given by Beff = 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.

► critical fields are low (mT)
► empirical relation for Bc(T)

Meißner phase
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Type-II superconductors  (alloys, metallic glasses, high-Tc sc,  …)

10.1 Experimental Observations 355

The magnetic field in a type II superconductor as a function of the ap-
plied field is shown in Fig. 10.12. As mentioned above, below Bc1, both types
of superconductors behave in the same way. Above Bc1, magnetic flux pene-
trates in the form of vortices, and the field is only partially screened. After
passing through the upper critical field Bc2, the material becomes normal
conducting. Therefore, the magnetization rises with the field at low fields
as in type I superconductors, decreases above Bc1, and vanishes completely
at Bc2. In this figure, the thermodynamic critical field Bc,th is also drawn. It
is determined by the equation

B2
c,th = −2µ0

∫ Bc2

0
M dBa (10.6)

as indicated in the figure by the shaded areas . As we will see, the thermo-
dynamic critical field is directly related to the energy gain occurring at the
superconducting transition.
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Fig. 10.12. (a) Internal field in a type II superconductor, and (b) the corresponding
magnetization as a function of the applied field Ba. The Meissner phase is found
below Bc1, the mixed state between Bc1 and Bc2. The thermodynamic critical
field Bc,th is defined via the equality of the two shaded areas

The upper critical field Bc2 of type II superconductors may be sev-
eral hundred times larger than the critical field Bc of type I superconduc-
tors. For example, a critical field of Bc2 ≈ 60 T is found in the Chevrel
compound2 PbGd0.3Mo6S8. Another interesting class of type II supercon-
ductors are A15 compounds.3 A member of this class is Nb3Sn that has the
2 Chevrel compounds have the composition MMo6X8, where M stands for a rare-

earth metal, and X for sulfur or selenium.
3 A15 compounds are represented by the formula A3B, and crystallize in the

β-W structure. The niobium atoms in Nb3Sn are arranged in chains and are
closer to each other than in metallic niobium.
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Meißner phase: field fully expelled

Subnikov phase: magnetic flux in form of
vortices penetrate into sample

Important:  Bc2 can be much higher than Bc1

temperature dependence of critical field

356 10 Superconductivity

relatively large critical parameters Bc2(0) = 25T and Tc(B = 0) = 18.7 K.
This is technically important because this compound can easily be processed
and used as the material for wires in superconducting magnets. The novel
high-Tc superconductors with their extremely high values of Tc and Bc2 will
be considered separately in Sect. 10.5.4.

Both the critical field strengths Bc1 and Bc2 depend on temperature.
They have their largest value at T = 0, and vanish at Tc. In Fig. 10.13a, the
temperature variation of Bc2 of several type II superconductors is depicted. In
Fig. 10.13b, the critical fields Bc1 and Bc2, and the thermodynamic critical
field Bc,th of an indium-bismuth alloy are shown. Obviously, all types of
critical fields exhibit a similar temperature dependence.
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Fig. 10.13. (a) Upper critical field Bc2 versus temperature of several type II su-
perconductors [465]. (b) Temperature dependence of the critical fields Bc1, Bc,th,
and Bc2 of an indium-bismuth alloy [466]

In perfect crystals, the flux lines are regularly arranged in the so-called
Abrikosov lattice, as is schematically shown in Fig. 10.14a. The first evidence
for the existence of flux lines and their regular arrangement was obtained by
decorating them on the surface of a sample with small particles of colloidal
iron and making them visible with an electron microscope [467]. More re-
cently, scanning tunneling microscopes have been used for the investigation
of vortex lattices. A typical observation from this type of experiment is shown
in Fig. 10.14b. Clearly, the flux lines in NbSe2 are arranged in a hexagonal
lattice. The contrast is due to the different work functions of the normal and
superconducting phases. Based upon the different tunneling-current charac-
teristics of the two phases and the high spatial resolution of this technique, it
is possible to study the electronic density of states even inside the flux lines
and in the superconducting neighborhood. In realistic materials, the regular

critical field Bc2 at T = 0            above 10 T  
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Abrikosov lattice

in perfect crystals (free of inclusions and crystal defects) formation of a regular lattice (pattern)

STM image
NbSe2 at 1.8 K
Tc (B = 0) = 7.2 K

pinning effect: inclusions in crystals lead to pinning of vortex lines

to move a pinned vortex one needs to “pay” the condensation energy
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NbSe2  T= 4.3 K, B = 0.3 mT 

10 μm

magneto-optical image of vortex Lines
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penetration of magnetic flux into a superconductor

25 μm

NbSe2
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Meißner-Ochsenfeld effect

10. Superconductivity

comparison of ideal conductor and superconductor

Faraday law


