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Abstract. The course presents a review of the MgB, superconducting properties, together
with the main preparations and the foreseen applications, as possible material substitute of the
other superconductors. The focus is on the Mg Reactive Liquid Infiltration of B powders, a new
preparative technique, which presents many advantages with respect to the conventional
sintering of ceramic material that, otherwise, requires hot pressure sintering to reach good
densification.
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PeakTuB MHuUIALTpanusicu ycyjiu OuiaH sHru yra yrkasypuwiap MgB, wmarepuasuiap
KYKYHUHH TailépJiall TeXHUKACH

AnHoTauus. Ymly umaa yra YTkazyBUMiIap XyCycHsTIapu KypuO uMkuiau. Peaktus
UHOQUITPAUUSICH yCyqu OWIaH SHTH yTa YTKa3yBUWJIAp MaTepHaUlap KYKYHMHHU Taiepliaml
TEXHMKacu 0aéH sTwirad. Yoy ycyl KepaMUK MaTE€pUaJHUHI aHbaHABUW CHHTEPJAHUIINTa
HUcOaTaH Xy/a Ky ad3ajiuKiapra sra.

Kanur cy3nap: PeaktuB cyrokiuk nHduntpauuscu, 0ocum, yTa yTKa3ruy, MaTepuaiap.

**k*k
IToaroroBka MQB; maTepua/ioB 1711 HHHOBALIMOHHBIX CBEPXIIPOBOASIIIIMX TEXHOJIOT Ui
METOA0M HH(PMJILTPALMH PEAKTHBHOM KUAKOCTH

Annoranus. Paborta npencrasnsier coboit 0030p cBepxmpoBoAsmmx cBoicTB M@B, ux
IPUTOTOBJICHUSI M BO3MOXHBIE NPUMEHEHHS B WHHOBAIMOHHON TexHosoruid. OCHOBHOE
BHUMaHUE yJesieTcsl HOBOM TeXHMKE MOJAroToBKM M@ MeTonoM MHOMIbTpauM peakTUBHOU
KUAKOM mopomkoB B, koTopas mMMeeT MHOro HpPEUMYILECTB IO CPAaBHEHUIO C OOBIYHBIM
CIIEeKaHMEM KepaMHUYEeCKOro Marepuaia, KOTopoe TpeOyeT ropsyero CrekaHus Moj JaBiIeHHEM
JUIS1 JOCTUKEHUS XOPOIIETO YIJIOTHEHUSI.

KiroueBble cjioBa: peakTUBHAs WHOWIBTPAIUS KUIKOCTH, JABICHHUE, CBEPXIPOBOJIHUK
MgB2, marepuasisl.



Al- Brief history of the superconductivity

The discovery of the superconductivity is due to the dutch physicist H.
Kammerling Onnes, just after his successful liquefaction of the Helium gas (1911)
at 4.2 K. He discover that, below a critical temperature, T, same materials present
zero electrical resistivity. Many important contributions to the understanding of the
phenomena and to the discovery of new high temperature materials were done
during the 20" century. The main physicists, all Nobel Laureates except prof.

Meissner, are portrayed in Figure 1.
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Figure 1- Important physicist for the Superconductivity developments

The route and the milestones for new materials discovery, new physical properties
and applications of the superconductivity are reported in Figure 2. The field started
with the Kammerling Onnes measurement of the zero resistivity of the Mercury, at
the Helium liquefaction point. The most practical applications are: - from 1975, the
magnets for NMR (Nuclear Magnetic Resonance) analysis of the structure of the
moleculesand, from 1982, the magnets for the medical MRI (Magnetic Resonance
Imaging) to see in the living bodies the internal structure of organs and tissues..
The most spectacular recent achievement is the building in Geneve(CH), in 2000,
of the Large Hadron Collider (LHC): a proton accelerator driven by 1232
superconducting dipole magnets placed on a circumference about 27 km long.
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Figure 2 —One century of Superconductivity

A2- Superconductivity and magnetic fields

The magnetic fields are a vital component of the electromagnetic phenomena
and have an important impact on our life. The magnetic field induction is measured
in Tesla (T), in the SI units, and in Gauss (G), in the cgs units. The relation
between the two unitsis : 1 T = 10.000 G. As a reference, the Earth magnetic field
is about 0.5 G. In Figure 3 are shown the intensities of the magnetic field that we
encounter in the real life.
Soon after the superconductivity discovery, Kamerling Onnes realized that high
currents could not be inserted in the known metallic superconductors when H
>H(critical field). In this event the superconductivity disappeared suddenly. This
was an hard blow to its expectation to apply the superconductors in a real life as
energy saving materials. Later, it was discovered the dependence of H. with the

temperature, valid for the metallic superconductors, which is given by the formula:

He = Ho[1 - (T/1)?]

and is displayed, for several metals, in Figure 4.



Magnetic fields in the real life
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Figure 3 - Impact of the magnetic fields in the real life
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Figure 4 — Magnetic critical field vs. Temperature
The behavior of the superconducting currents in a metallic superconductor, in
presence of a magnetic field, was rationalized by Silbee (1916) admitting that the
critical field H. and the critical current intensity, I., were linked by the well know

electrodynamic relation between the current in a wire and the magnetic field at the
radiusa of the wire.

A further fundamental step in the behavior of a superconductor in a magnetic field

was done by the German Prof. Meissner (1933), who discovered that the



superconductors, in presence of a magnetic field H, expels the flux lines by its
interior, therefore the magnetic flux inside is B=0below Tc. Therefore, the
superconductors are perfect diamagnet, with magnetic susceptibility y = M/H = -1.
Later it was discovered that this “Meissner effect” is valid only for a class of

superconducting materials, named Type | superconductors.
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Figure 5- Meissner effect

A3 — A phenomenological model and full quanto-mechanical theories for
the superconductivity
One of the best books to introduce the modelling and the theories to interpret the
superconductivity is by M.Tinkham (1996) [1].
F, London (1935)[2] with the aim to interpret the Meissner effect, introduced a
classic model of the superconducting behavior, based on the Maxwell equations.
According to its modelthere are two kinds of electrons fluids:
a) a normal one, having current density J,
b) a superconducting one, having current density J,
For the normal electrons is valid the Ohm’s law: J,=cE
For the superconducting electrons is valid an empirical law: A J,=-A
where A is thevector potential of the magnetic field.
Applying the Maxwell’s equations to the two fluids, it results A = 4n/c A> = m
c/(ns €”) , where n is the electron density of the material and A is named
Penetration Depth and it is half of the thickness where the surface

superconducting currents are flowing and generating, inside, a shielding of



the magnetic field. Generally, the experimental values of range from 40 to 400

nm.

Binside=Bae *"*

Later (1950), London speculated on a possible quantization of the magnetic flux,
assuming as elementary flux ®,=h/e and putting @& = n ®o = n h/e, n integer
(right intuition, but wrong result for a factor 2, because was not considering the
possibility to realize a two electron couple) Ginzburg and Landau (1950)[3]
introduced a quanto-mechanical theory of the superconducting state, assuming a
new parameter to describe the size of the superconducting state:(0= Coherence
Length, which roughly represents the minimum size of this state. Accordingly, a
full-size superconducting state exists below a first critical field B, (B.1<B.) and
localized superconducting states, roughly of dimensions &, well separated each
other, exist up to a second critical field B., (B.,>B.). Therefore plotting the
magnetization versus the applied field B, , instead to have a linear slop up to a
single magnetic critical field B, there is the linear slope up to a first field Bi;and a

decreasing magnetization up to a second critical field B.,. See Figure 6.
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Figure 6 - Magnetization for of different superconducting materials

For each material there is the constant k, defined as k = A/, which differentiates

the extension of the superconducting states.According to the value of this constant

, the superconducting state regards all the interior of the material (Type |

superconductors) or there are localized vortices (fluxons) of superconducting



electrons (type Il superconductors) around point-like normal zones where the
magnetic field is present.
B.=®,/2V2kn&’
Baoc®, / 4nA” = B./(k V2)
Booc @, / 2mE*= k V2 B,
For k ~ 1/v2, realized when A/&E> 1, there is a complete Meissner flux exclusion
(Bin=0) . Such superconducting materials are defined as Type | and are mainly
metallic. For k >>1//2, realized when A >> &, there are different superconducting
zone distributions, as a function of the applied magnetic field. For B < Bc1 the field
is completely expelled. For B.1< B < By, it is realized an intermediate state with a
lattice of magnetic points of size 2& , surrounded by vortices of diameter 2\ and all
the rest of the material is in the superconducting state. The Figure 7 gives a
schematic idea of the size of the superconducting state, represented by the wave
function |W]% in a Type Il superconductor, around the vortices. A further practical
properties ofal most all the materials of Type Il, having high Tc, is the presence in
the phase diagram, Figure 8, of an irreversibility line that divides a stable lattice of
vortices from an unstable one in which the vortex are moving, making the
superconducting state dispersive and unstable. The vortices, in a single crystal
without a large number of reticular defect, are organized in a lattice, mainly of

hexagonal symmetry, as reported in Figure 7.
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Figure 7- Lattice of vortices in single crystals



If the theories of Ginzburg-Landau describe the superconducting state as a whole,
from the quanto-mechanical point of view, they were lacking a microscopic
explanation of the phenomena. This explanation was set by Bardeen-Cooper-
Schrieffer (1957), shortly BCS,[4] considering that the electrons in the solids, other
than their coulombic repulsion due to the negative charges, can also have an
attractive potential. This attraction is due to the presence in any metallic solids of
the lattice of positive ions, with their mutual vibrations (phonons). One electron
polarizes this ionic lattice creating a positive charge around it and this positive
charge can attract a second electron. Between the two electrons it has been created
an overall attractive force, higher than the coulombic repulsion as far as the
temperature is very low. In such a case the link between the two electrons, each of
impulse and spin (k,7) creates an electron pair, Cooper pair, (k,T; - k,4). These
“new particles” (bosons and not fermions) can condensate forming a single
macroscopic quantum state. BCS theory, with the attractive field, has introduce dan
energy gap, A, which separates the low energy electronic states (superconducting)
from the higher energy states (normal). Figure 8 describes the modification of thee
lectronic density of state of a simple metal, with the temperature and by the
presence of the superconductivity, with the A(0) energy gap. To have a rough idea
of the order of magnitude of these energy quantities for simple metals: Er about 5
eV, KgAT, at 30K, about 50 meV; A(0) about few meV.
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Figure 8 — Electron energies density of states

The gap is dependent from the temperature according to the general relation:

T .
2A(T)=85 K;T.(1— F:'L .
C



The BCS theory has been formulated for a simple s-wave symmetry of the
coupling of the electrons, as it is valid for the simple metals, but High Temperature
Superconductors may present p-wave (MgB,) or d-wave symmetry (cuprite’s) .
This may modify details of the theory, but not the main message that a coupling
between particles or “quasi-particles” can have a superconducting behavior by
selecting the appropriate interaction between them. In the most straightforward

case, the electron pairs are coupled by their interaction with the phonon field.
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