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Conductors
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an electrical current
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During each collision some of the energy carried by the current is absorbed by the
lattice and converted into heat (which is essentially the vibrational kinetic energy of
the lattice ions.) As a result, the energy carried by the current is constantly being
dissipated. This is the phenomenon of electrical resistance.

Animation: https://www.youtube.com/watch?v=KprF Txj{QA0E




Electrical resistivity at low temperatures
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Temperature

One of the scientific challenge at the end of 19" and beginning of the 20" century:
How to reach temperatures close to 0 K?

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



Discovery of Superconductivity

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.

Hg TC=42K From: Rudolf de Bruyn Ouboter, “Heike Kamerlingh Onnes’s
Discovery of Superconductivity”, Scientific American March 1997



Discovery of Superconductivity

Liquid Helium (4K) %7 5
(1908). Boiling point | - =
4.22K. # T
Superconductivity in ., N
Hg Te=4.2K (1911)
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«Mercury has passed into a new state, s
which on account of its extraordinary ’ e
electrical properties may be called the . \J |

superconducting state» AN
Resistivity R=0 below T;
(R<10-23 Q-cm, 10'8 times
(Nobel prize 1913) smaller than for Cu)

H. Kamerlingh Onnes



Superconductivity
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Electrical resistivity

Superconductivity

The electrical resistivity of a metallic conductor decreases gradually
as the temperature is lowered. However, in ordinary conductors such
as copper and silver, impurities and other defects impose a lower
limit. Even near absolute zero a real sample of copper shows a non-

zero resistance.
The resistance of a superconductor, on the

other hand, drops abruptly to zero when the
material is cooled below its "critical
temperature”, typically 20 kelvin or less.

Superconductor

An electrical current flowing in a loop of
superconducting wire can persist indefinitely
with no power source.

Normal metal

Superconductivity is a quantum mechanical

Te phenomenon. It cannot be understood simply
Temperature (K) as the idealization of "perfect conductivity" in
classical physics.



Superconductivity animation:
http://bestphysicsvideos.blogspot.com/2011/11/3-shorts-animations-about.html

The current can flow 100 000 years!!



Meissnher-Ochsenfeld-effect

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

W. Meissner, R. Ochsenfeld (1933)

On the surface of a superconductor
(T<Ts) superconducting current will
be induced. This creates a magnetic
field compensating the outside one.

Transitiaon to
Zero resiztance

Screening (shielding ) currents

Magnetic levitation



Meissher-Ochsenfeld effect

Animation:
http://www.mn.uio.no/fysikk/english/research/groups/amks/superconductivity/levitation/

Description of the movie

The magnet is located on the superconductor: there is no interaction between them
because the superconductor is above the critical temperature.

The magnet is placed on a glass plate so that its magnetic field penetrate the
superconductor.

Pouring liquid nitrogen which has a temperature of 77 Kelvins (-196 Celsius). The
cooling takes a few minutes.

The glass plate is removed but the magnet continues levitating above the
superconductor.

After cooling by liquid nitrogen they get trapped by microscopic inhomogeneities in
the superconductor. The trapped magnetic lines then serve as invisible threads
holding the two objects together at a certain distance.



Superconducting elements
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Ferromagnetic elements are not superconducting
The best conductors (Ag, Cu, Au..) are not superconducting
Nb has the highest T, = 9.2K from all the elements
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“Conventional” Superconductivity
BCS theory: 1957 John Bardeen, Leon Cooper, and John Robert Schrieffer
In a conventional superconductor, the electronic fluid cannot be resolved
into individual electrons.

Instead, it consists of bound pairs of electrons known as Cooper pairs.

This pairing is caused by an attractive force between electrons from the
exchange of phonons.

Singe electrons- the wave function is
antisymmetric under exchange (FERMIONS)

O ©
© © Cooper pairs - the wave function is
@ @ symmetric under exchange (BOSONS)



Cooper pairs

LATTICE OF SUPERCONDUCTING MATERIAL

© © © 0 00 0 0 © © © © © © © 0O
Distorted area
CoOl¥ i E €O cColL g g § o
— Electron?2 0—>
ccaﬁaﬁcc cols @8 & g0
Electron 1
CCC(I)_CCCC © © © © © © © 0O
Positive ion

FORMATION OF ELECTRON PAIRS known as Cooper pairs (above) ultimately leads to
superconductivity. One electron leaves inits wake a distortion of the lattice of positively
chargedionsina metal (left panel).Shortly thereafter, the second electron is attracted

by the resulting concentration of positive charge (right panel). In effect, the two electrons
are weakly attracted to each other.



Su pPerco nd UCtiVity Conventional Superconductivity

Normally electrons do not form pairs as

pS
they repel each other. However, inside the ]1 I I »,
material the electrons interact with ions of
the crystal lattice.
Very simplify, the electron can interact with
the positively charged background ions
and create a local potential disturbance

\J

\]J

which can attract another electron.

/§/

The binding energy of the two electrons is very small, 1meV, and the pairs
dissociate at higher temperatures.

At low temperatures, the electrons can exists in the bound states (from
Cooper pairs).

From BCS theory we learn that the lowest state of the system is the one in
which Cooper pairs are formed.



Fermi and Bose-Statistic
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Fermions- elemental particles
with 1/2 spin (e.g. electrons,
protons, neutrons..)

Pauli-Principle —every energy level
can be occupied with maximum
two electrons with opposite spins.
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Cooper-Pairs are created with
electrons with opposite spins.

Total spin of C-P is zero. C-P are
bosons. Pauli-Principle doesn't

apply.

All Cooper pairs can have the same
quantum state with the same
energy.



Conventional Superconductivity
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http://bestphysicsvideos.blogspot.com/2011/11/3-shorts-animations-about.html



Nobel Prize in Physics 1972
"for their jointly developed theory
of superconductivity, called the
BCS-theory”

Schrieffer

Coherence
length &

Phonon

---------- Cooper pair model



Discovery of High Temperature Superconductivity

1911-1986: “Low temperature
superconductors” Highest T,=23K
for Nb,Ge

1986 (January): High Temperature & | N
Superconductivity (LaBa), CuO, & ‘ %i |
TC=35K Profes Dr. D I'I.- : It. Karl Al Ml.i }%] |

K.A. Muller und G. Bednorz (IBM Or Johannes Geora Bednorz
Ruschlikon) (Nobel prize 1987) e e

Possible High T. Superconductivity
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J.G. Bednarz aml K.A. Miller
IBM Zurich Rescarch Labaratory, Rischlikon, Switzerland

Revetved April 17, 198
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(A. Schilling, H. Ott, ETH Zurich) 19
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Critical temperature T, [K]
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After 2 decades of monumental effort, physicists still cannot explain
high-temperature superconductivity. But they may have identified the

puzzles they have yet to solve

High Ic: The Mystery
That Defies Solution

Conventional Superconductivity

& &

T

() Copper @0xygen ® Electron ) Niobium

High T Superconductivity

Shall we dance? Instead of the motion of ions, the
subtle waltz of electrons along atomic planes may
cause pairing in high-temperature materials.



*Particle Accelerators
*Generators
*Transportation
*Power Transmission
*Electric Motors
*Military

*Computing

*Medical

*B Ficld Detection (SQUIDS)




Applications. Wires and bands.

pipe coating

zteel pipe

electrical insulation

hightemperature
superconductor

Cross section of HT, L
band

HT, Cable

American Superconductor
Corporation
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The magnet system on the ATLAS detector includes eight huge superconducting
magnets (grey tubes) arranged in a torus around the LHC beam pipe (Image: CERN)




Josephson junction

superconductors

Josephson junction:

v
v | , a thin insulator sandwiched
MH > = Smf between two superconductors

phase difference 0 =6, -6,

insulator

Depends on the tunneling probability of the electron pairs

There is a current flow across the junction in the
absence of an applied voltage!



Nobel Prize in Physics 1973

"for his theoretical predictions of the
properties of a supercurrent through
a tunnel barrier, in particular those
phenomena which are generally
known as the Josephson effects”.

Josephson discovered in 1963
tunnelling effect being 23-years
old PhD student

Brian David Josephson

The superconducting tunnel
Josephson junction— is an electronic
device consisting of two
superconductors separated by a very
thin layer of insulating material x:_éGL




Superconducting devices

Extremely interesting devices may be designed with a superconducting
loop with two arms being formed by Josephson junctions.

The operation of such devices is based on the fact that the phase difference
around the closed superconducting loop which encloses the magnetic flux &
is an integral product of 2e ® /7

e P
The current will vary with ® and has maxima at Y =nrw.

The control of the current through the superconducting loop is the
basis for many important devices. Such loops may be used

in production of low power digital logic devices, detectors, signal
processing devices, and extremely sensitive magnetic field
measurement instruments .

SQUID magnetometer (Superconductind QUantum Interference Device)



SQUID magnetometer (Superconductind QUantum Interference Device)
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Superconducting flux qubit

Josephson
junction

MW Johnson et al. Nature 473, 194-198 (2011) doi:10.1038/nature10012
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Double-well potential energy
diagram and the lowest quantum
energy levels corresponding to the
qubit. States 1™ and |, are the
lowest two levels, respectively.




Remote Users on PC Interface
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http://www.dwavesys.com/ Shielded Enclosure ~ Control Subsystems
and Servers
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The Quantum Computing Companym™

The D-Wave 2X™

Quantum Computer .

COMPUTER SCIENCE

Quantum or not, controversial
computer yields no speedup

Conventional computer ties D-Wave machine
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