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Electrical resistivity at low temperatures

| Kelvin: Electrons will be frozen
\ - resistivity grows till «.
\Kelvin (1902)

Y Dewar: the lattice will be
\ frozen - the electrons will not
Mo be scattered. Resistivity wiil
_ _ _ —=77 Matthiessen (1864) decrese till O.
7’
-
= S (1924) Matthiesen: Residual resistivity
Temperature because of contamination and

lattice defects.

Resistivity

One of the scientific challenges at the end of 19*h
and beginning of the 20™ century: How to reach
temperatures close to O K?

Hydrogen was liquefied (boiling point 20.28 K)
for the first time by James Dewar in 1898



https://en.wikipedia.org/wiki/James_Dewar
https://en.wikipedia.org/wiki/James_Dewar

Superconductivity- discovery I

1895 William Ramsay in England
discovered helium on the earth

1908 H. Kamerlingh Onnes liquefied
helium (boiling point 4.22 K)

Resistivity at low temperatures- pure
mercury (could repeatedly distilled
producing very pure samples).

*Repeated resistivity measurements indicated zero resistance at the liquid-helium
temperatures. Short circuit was assumed!

«During one repetitive experimental run, a young technician fall asleep. The helium
pressure (kept below atmospheric one) slowly rose and, therefore, the boiling
temperature. As it passed above 4.2 K, suddenly resistance appeared.

H g T :4 . 2 K From: Rudolf de Bruyn Ouboter, “Heike Kamerlingh Onnes's
C Discovery of Superconductivity ”, Scientific American March 1997



Superconductivity- discovery IT

Liquid Helium (4K) - *F——T1 T T ]
(1908). Boiling point | - -
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422K, & 1T -
-Superconductivity in -, NEE
Hg T.=4.2K (1911)
gor |— L
ot L
.Mercury has passed into a new state, |
which on account of its extraordinary o088 ;'
electrical properties may be called the | “\Ji

superconducting state” O

H. Kamerlingh Onnes 1913 (Nobel preis 1913) Resistivity R=0 below T;
(R<10-23 Q-cm, 1018 times
smaller than for Cu)



How to measure very small resistivity ?



How to measure very small resistivity ?




Is the resistivity of a superconductor really zero or just
very small?

® Atwo-point probe measurement will not work because the
the contact resistance and the resistance of the wires

dominates everything.

® Afour point probe measurement can be tried but it does not
work either: one is limited by the smallest voltage one can
measure.



Is the resistivity of a superconductor really zero or just
very small?

Dp

I(t) = Ipe ™

A super-current can be induced in a superconducting ring.

The decay of the current is given by the relaxation time (10* s for a
normal metal). For a superconductor it should be infinite. Experiments
suggest that it is not less than 100.000 years.






Meissner-Ochsenfeld-effect

A superconductor is a perfect
diamagnet. Superconducting
material expels magnetic flux from
the interior.

W. Meissner, R. Ochsenfeld (1933)

Transition to

On the surface of a superconductor setn Fesistance

(T<T,) superconducting current will
be induced. This creates a magnetic
field compensating the outside one.

Screening (shielding ) currents
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Magnetic levitation
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Superconducting elements

‘Ferromagnetic elements are not superconducting

Be B | C
0,03
Mg Al | Si
1.2
Ca|Sc | T | ¥V |G |Mn|Fe|Co| Hi |Cul|Zn|Ga| Ge
03953 0,88| 1,1
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055|192 |092]|78 (05 05534 | 3.7
Ba|La|Hf [Ta| W |Re | Os | Ir | Pt |Au|Hg | Tl | Ph
48 |0,13|4,5 |0,01] 1,7 (065 |0,14 11|24 | 7.2
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14 |13 |02

T.>1K

T.<1K

*The best conductors (Ag, Cu, Au..) are not superconducting

‘Nb has the highest T, = 9.2K from all the elements
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What destroys superconductivity?

A current produces magnetic field which in turn
destroys superconductivity.

Current density

High temperatures:
strong thermal vibration
of the lattice predominate
Magpnetic field over the electron-phonon
coupling.

Temperature

Magnetic field: the spins of the C-P
will be directed parallel.

(should be antiparallel in C-P)
12



High Temperature Superconductivity

@ The Nobel Prize in Physics 1987
HgBa,Ca,Cu;0,
160 (under pressure)

1
|

"for their important break-through in the discovery of
superconductivity in ceramic materials”
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Tc = 203 K Superconductivity in Sulfur

Hydride (H;S) @ P=200 GPa
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Superconductivity in pure Bi at ambient pressure

He (uT)

l : I 0 | | | |

Temperature (mK) Temperature (mK)

Prakash et al., Science 355, 52-55 (2017)



Magnetic shielding

Special alloy: mumetal

Very high magnetic permeability u = 100000
77 % Ni, 16 % Fe, 5 % Cu, 2 % Cr or Mo
i d
Shieldingvalue § = || =
D

d : materials thickness
D : shielding diameter



Magnetic shielding

https://mumetal.co.uk/?p=106

https://magneticshields.co.uk/




Detecting 100 fT magnetic fields using SQUIDs,
Superconducting Quantum Interference Devices

[ ==

M

' \¢ \ \

Prototype of a SQUID-based magnetoencelography system developed
at the Chieti University (courtesy of G.L. Romani).







MAGNETIC FIELDS

Tesla

Superconducting Wires I

Cu Wire

Magnetic sensors

Superconducting sensors
(Josephson quantum tunneling effect)
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Creating strong magnetic fields

B

Solenoid




353693 ®9bmbobliyemo Gmdma®szgos (MRI)
bgaod@ommbols godmygbgds dgwoobsdo
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bgaod@ommbols godmygbgds dgwoobsdo




NEXT DEMO:
2000-4000 MW

ARC Reactor

Inboard-side
RF launch

Fusion power:
525 MW

TF coils:
By=9.2T

N and Superconductivity %%%‘5

GSIC
ITER is example of previous M
state-of-art in superconductor magnets  icmas
= Very large size
= > 2 years to replace interior shield
= H=10 T, coils diameter=12 m
= 500 MW fusion power

ARC is example of using new HTS magnets

(Affordable, Reliable, Compact) s (
= Decrease volume by factor of ten! r
= Modular replacement of interior

= New HTS magnet at ~20 T, 20 K
= 500_ MW fusion power

Magnet joints allow
vertical maintenance

FLiBe liquid
immersion blanket

Major radius: 3.3 m T. Puig -CIEMAT 2016




London model (Two fluid model)

; ]

« all free electrons of the superconductor are
divided into two groups:
+ superconducting electrons of density 714
+ normal electrons of density 71,.

» The total density of free electrons is
n = Ng + Ny

* As the temperature increases from 0 to T, the
density 74 decreases from 1 to 0.

>

Heinz und Fritz London

electron density

T
»

-

temperature (K)



Magnetic field penetration depth A

?%:%E
2=
:Uonsez

B(x) = Bye~/*




» example: thin superconducting sheet of thickness d with B | | sheet

* Ansatz:

B2(x) = Bext.z €xp(—X/AL) + Bext.z €xp(+x/AL)
* boundary conditions:

B:(—d/2) = B:(+d/2) = Bext.

Bext,z




Estimate magnetic field penetration depth A




Muon precession

* beam of spin polarized muons u* with

polarization P, (0)

* ut* precesses around the local field
with Larmor frequency a,

. . - + +
Larmor precessionine ,u ond p

B (T)
1wt 10 oo o1 1 10
10° T T —rrTm T

Y 7 A5 TN PP R, T T
0.1 1 10 100 1000 10*  10°
B (G)

a),u — 7;181’0(?

local
magnetic
field




Depth dependent uSR measurements
In near surface regions

Muon Spin Polarisation

B(z)

AAAAAAAAAA

Time (us)

Superconductor B

Muon Spin Polarisation

Time (us)

Muon Spin Polarisation

Time (us)

Muon Spin Polarisation

- Magnetic field profile B(z) over nm scale — B(Z)
—> Characteristic lengths of the sc A, &

AAAAAAAAAA

000000000000
Time (us)




Field profile at the surface of YBa,Cu,0,

= 10l ' ' ' ' I First direct measurements of field profile on nm
= cosh((d/2-z)/2.) : ) : :
£ 9 B(z) =Bex * cosh(@/27) | scale. Microscopic confirmation of London
m equations (local electrodynamics). Absolute

.l determination of magnetic penetration depth (i)

i without knowledge of superconducting state.
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T.J. Jdackson, T.M. Riseman, E.M. Forgan, H. Gliickler, T. Prokscha,
E. Morenzoni, M. Pleines, Ch. Niedermayer, G. Schatz, H. Luetkens,
and J. Lifterst. Phys. Rev. Lett. 84, 4958 (2000).




Al 1.2 16
Sn 3.7 34
Pb 7.2 37

TC
Nb 9.3
Nb;Sn 18
YBa,Cu;0, 93
RbsC,, 30

Bi,Sr,Ca,Cu;0, 110

c A[nm] E[nm] «

1600 0.01
230 0.16
83 0.4

A [nm] &E[hm]

39 38
80 3

150 15
247 20
200 14

K

1
27
100
124
143



Ginzburg-Landau theory (1950)
order parameter U(r) = 0 e

n, = U] = U2



The Nobel Prize in Physics 1972

for their jointly developed theory of superconductivity, usually
called the BCS-theary”'

John Bardeen Leon Neil Cooper  John Robert
Schrieffer

Mechanism of superconductivity:
pairing of electrons (Cooper pairs)
due to interaction with lattice

(Electron-Phonon interaction).




The electron-phonon interaction/ Cooper pairs

-‘I- +—+
ave
-1
+_——_+ "'" -

| E h
+— +

® Polarization of the lattice by one electron leads to
an attractive potential for another electron.



BCS: attractive e-e- interaction

* C
10Nns
e' + + - + + +
— region of
Ve~ 10 cm/s positive charge 7
N attracts a second -~
electron
phonon interaction
AVAVAVAVAVAVAVAW Cooper pair
. AVAVAVAVAVAVAVAY . of electrons
4100 nm
f—0.1 - .4 nm—=]
lattice
Qi@
Lattice deforms slowly in the time of the electron
. . . ] 27 3
Maximum deformation of lattice at time 7~ — ~ 10" s
a
D

In this time, first electron has travelled ~ v 7 ~ 10°ms ™ x10" s ~1000A

Lattice deformation attracts 2"9 electron without it feeling the electron feeling
Coulomb repulsion of 1st



hwgz phonon energy

electron—electron interaction
via emission and subsequent
absorption of a phonon of
momentum h.q

o

ki =K, +7 => ki+ko=Fk +k

—

Scattering from state .l_.:q to the state F-‘?i gives

rise to local oscillations of electron density of
frequency w = (5, —E7y/) /R, where w < wp
(Debye frequecy).

To enable an electron to go from the state
ki, to the state 1-1, the latter must be free
(Pauli principle) that is possible only in the
vicinity of the Fermi surface.



BCS theory of superconductivity

1957 John Bardeen, Leon Cooper, and John Robert Schrieffer

An electron on the way through the lattice interacts with lattice

sites (cations). The electron produces phonon.

During one phonon
oscillation an electron can
cover a distance of ~104A.
The second electron will
be attracted without
experiencing the repulsing
electrostatic force .

The lattice
deformation
creates a region
of relative
positive charge
which can attract
another electron.
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Important length scales in a superconductor
Coherence length &

3 S Coherence length is the distance

GL =;
é ¢ _ between the carriers creating a

Cooper-Pair.
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Important length scales in a superconductor
Magnetic penetration depth A

1 N
AB = —B Aj = 137

J-(x)

B. () = B(0) exp(—x/A)| jolz) =

m= /
."\ =
J‘E!’{]f_’gh‘g




The solution of the London Eq. (2.12a) can be written as

B(;I:)—B1exp( ;;)—l—Bgexp( ;L)

The boundary conditions are

d d d
B( 2) By : BIEKP(QAL>+BEEXP(%):BD

d d d
B (—|—§) = DBy: By exp( 2)\};) + By exp (—km) = By

From here we calculate
By
cosh (%)

Thus, the final expression for the field B(x) inside the super-
conducting film is

B1 = By =

B(e) = B cosh (}. )

cosh (%) .



