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What Is superconductivity?

Superconductivity Is characterized by the loss of all
electrical resistance and total ejection of all magnetic fields
below a materialdependent critical temperaturelc.

A Superconductivity is a quantum mechanical effect which cannot be
explained using classical physics.

A Above the critical temperatur&, the superconductivity state is
destroyed.

A Above a critical magnetic field, the superconductivity state is
destroyed.

A Above a criticaturrentlc, the superconductivity state is destroyed

A Most elemental superconducting materials exhilit 5K andHc <
0.05T

A Many alloy superconductors exhiffit~ 80K and 0.05THc< 70T
A The highest temperature SC to datélgBaCaCu,O; with Te=
134K.
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History

A Superconductivity was first discovered by
H. KamerlinghOnnes in 1911.

A Onnes was the first person to liquefy
helium and reach the coldest conditions to
date on Earth, 1.4K

A Did first research on solidified mercury.

A Won the 1913 Nobel Prize for his
discovery.

A Many physicists, including Lord Kelvin,
thought resistivity would become infinite
at such low temperatures.

A Onnes correctly predicted resistivity would
become zero, although he thought it
might do so less abruptly.
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Critical Temperature and the
Superconducting Phase Change
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At a critical temperature,cJ the
resistivity of some materials
abruptly falls to zero. This
temperature depends on the
material in question, and
happens slower for some
materials.

The plot on the left is a
recreation of Onnesplot for
mercury (&=4.2K). The drop in
resistivity is accompanied by an
exponential increase in heat
capacity (not pictured),
signifying a phase change.



Critical Temperature and the
Superconducting Phase Change
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phase transition occurs. This
region Is important to physicists
because its shows that SC regions
are forming.

The zero point Is important to
engineers because this is the
region where the material can
support a super current.



Are Superconductors the Same as a PEC

A perfect electrical conductor (PEC) is ato
used In classical electromagnetics to
simplify calculations and speed up
computer simulations. Zero resistance IS
the only imposed condition.

As such, time varylng magnetlc flelds are
Ffaz y2a LINBaSyida oS
therewouldalso beelectric fields.

SOUTHICAROLINA



Are Superconductors the Same as a PEC

What aboutstatic magnetic fields?

There iIs nothing in the math that would prevent
static magnetic fields from existing in a PEC,
provided they had always been there

If you could cool a metal into a PEC state, any E
field present at the onset of the phase change
would exist inside the PEC. In fact, it would
persist even after the external field was
removed. This is known fsld retention.
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Perfect Conductor

Behavior of Magnetic Fields In ZFC FC
Superconductors (PEC Example) Exclusion  Retention
PECeg&xhibitmagneticfield exclusion A 4

penetrates the PEC while in a perfect
conducting state.

Retentionmeans that while perfectly
conducting, It retains its original
magnetic field from the time of phase

change regardless of the behavior of @ \\

andmagneticfield retention. '
Exclusiommeans nachangingBfield

an external magnetic field.

i SOUTTICAROLINA.




Superconductor
ZFC FC

In addition tomagneticfield exclusion g, usion  Explusion
andretention, SCs also exhibmagnetic
field expulsion -

A A A4

Exclusiormeans no B field penetrates t|
SC while in a perfect conducting state.

S
Expulsiormeans that no magnetic field A\
can penetrate the bulk of the SC when @ @
below the transition temperature (more 2

on this effect later).

So with expulsion, how do we ever get
retention? Geometry! @ @
&




/—\
e ] Tounderstand how we get
i retention even with
Baso | I‘M =8 expulsion, let us first look at
| (x =-1)

how a magnetic field is
! screened.Underan
I ‘},IIH il applied field, a SC cylinder

will generate a counter
magnetism M, which Is

Hl Min = -Hin given by:

Y

M(r) = —Hgp,[1 — e (R=1/D)]
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Thisdemagnetizing field is set up by
a shielding current, flowing
circumferentially around the cylinder
and Is given by

T =~ —joeCT)

Andis related to the magnetism by




<« 2R ——»

<« 2r —>»

Nowconsider a SC

@ cylinder with a hole axially
through 1it.
If the SC cylinder were
fleld cooled, once the field
Isexpelled, there would
still be field lines around
the outside of it as well as

through the hole in the
middle.
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Hole in SC

Retentionin SCs requires a hole to be  zFcC FC

INn the bocy of the SC. Exclusion Retention
Retentionhere means the field retains = A +O A
its original magnetic field through the =

hole from the time of phase change
regardless of the behavior of an
external magnetic field. Wlthout the

K2f S CI NI R E
there will never be any B fleld W|th|n @

the bulk of the SC. Experiments lastin

several years show that these currents

can continue without diminishing, and
without an external source of power.
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Thus thesuperconductor anthe hole bothpossess
perfect diamagnetism.

Important note: All magnetic flux lines passing through a
superconducting loop must lgeiantized The unit of quantization is the
fluxonand is given by the following relation:

h
Py =~ 2.067833758(46) X 10~ 15Wh

b4 SOUTTICAROLINA.



Unlike a PEC, SCs exhibit a quantum
phenomenon called thigleissner

Effect This is the complete ejection of
any magnetic field (static or dynamic)

from its interior whether the field was s
AAAA

present at the beginning or not. The
field is actually not completely
expelled; the field will fall off
exponentially as

Boe-X/ <

Where<is the London penetration
depth and is a fundamental length
scale in superconducting physics. In
Y240 O2Yy O3S YEORM Y I f
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Behavior of Magnetic Fields In

Superconductors

The Meissner Effect gives rise to the possibility of
superconducting levitation. Since all magnetic fields must

be expelled from the bulk of a SC, they behave as (nearly)
LISNFSOUG RAFYFIAYSO0AO YI GSNAI

This allows a magnet to be supported by

The counter magnetic field from the surface super
currents that arise due to the Meissner Effect.

If a SC was just a PEC, cooling it belawthi a

permanent magnet resting on its surface would not cause
it to levitate, because there would not be a changing
magnetic field to induce surface currents.
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FluxExclusion
https://www.youtube.com/watch?v=4IESQWI1trEvQ

Flux ExpulsiorMeissnerEffec

https://www.youtube.com/watch?feature=player_ detailpa
ge&v=40iukb264PM#t=77
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https://www.youtube.com/watch?v=4lE8QWtrEvQ
https://www.youtube.com/watch?v=4lE8QWtrEvQ
https://www.youtube.com/watch?feature=player_detailpage&v=40iukb264PM
https://www.youtube.com/watch?feature=player_detailpage&v=40iukb264PM
https://www.youtube.com/watch?feature=player_detailpage&v=40iukb264PM
https://www.youtube.com/watch?feature=player_detailpage&v=40iukb264PM
https://www.youtube.com/watch?feature=player_detailpage&v=40iukb264PM

Behavior of Magnetic Fields In
Superconductors

Any sufficiently strong external magnetic field will
destroy the superconducting state, just as heat
will. This field is known as the

critical field and is given by
the symboH.. Above the
critical temperature,

HI'n YR <TkKo
As the SC is cooled,r8aches
its final value.
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Behavior of Magnetic Fields In
Superconductors

Note the dependency of T.on H.. As the
temperature rises toward the critical temperature,
the material is less able to deal

with an external field. Right at
T, the SC cannot handle even
the slightest magnetic field
without going into a normal
conducting state. The critical flux

density is given by
Bc = uO/Uc
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Behavior of Current in Superconductors

There are two types of current in a superconductor:
Shielding currenwwhich screens magnetic fields and
Transport currenwhich travels along the conductor.

Alongwith critical temperature and magnetic field, a
sufficiently high current density of either type of
current will cause a SC to go into a nhormal conducting
state. This is known as tloeitical current density

and Is given by..
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Behavior of Current in Superconductors

A superconducting wire of radi&&has a critical
current,l., which is given by R< WNote the

Tl

dependence on the London penetration depth,

A A
> - !
A
| : =
. |
2R il
e
| —
; * ==
Normal Conductor Superconductor
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Behavior of Current in Superconductors

H R<Is the effective cross section of the wire, much like
the skin depth for AC signals in normal conductors. This
because Amperes Law would set up magnetic fields insi
the bulk of the SC and this is forbidden. The existence
critical current 1Is known as tHiailsbee effect

A A .
2R T ‘ I
U
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Behavior of Current in Superconductors

The magnetic field created by this current is the same
outside the wire as a normal conductor carrying wire, bu

IS quite different inside.
Normal conductor Superconductor

Bar




Criticality In Superconductors

So far we have seen the effects of
temperature, magnetic field intensity
andcurrenton the superconducting
state.

So how do they all fit together?

SOUTTICAROLINA



Critical Magnetic Field as a Function of T
B(t)

app
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Critical Current Density as a Function of T
Jt)




Critical Current Density as a Function of B
JB)




Criticality In Superconductors

These 3lependencies can be plotted as functions of
one another, since they are interdependent. This
gives a & plot of a surface, aptly named thatical
surface under which a material is in the SC state, and
above which it is not.
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Critical Surface




Type | & Type Il Superconductors

Superconductors can be classified into two groups

de
fle
Ty

pending on how they deal with external magnetic
ds.

pe ISCs do not allow any magnetic fields to penetrat

the bulk of the material, like the ones we have been
looking at.

Type llare usually of different composition (alloys and
compounds) and can accept some magnetic fields. An
exceptionto alloyed composition is niobium; it is type |l.

In aType llithere are actually 2 critical magnetic fields,

B

.1, andB.,.
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Type Il Superconductors

In aType llthere are actually 2 critical magnetic fields,
B.,, andB,,. WhereB_,<B,,

BelowB,,, it acts like a type | superconductor, expelling
fields.

In aType llsubstance, there are domains of SC and-nor
SC regions. Abo®,, but belowB,,, quantized flux
trapped in the nor5C domains can penetrate the walls
of the domains forming magnetic vortices.

Close tdB,, these vortices can overlap, magnetizing the
sample, while maintaining zero electrical resistance.

SOUTHCAROLINA.



Type Il Superconductors

If aType llsuperconductor is in a magnetic field above

B.., it will then revert to a normal conducting state.

This magnetic penetration gives risefliax pinning

HH I rk -
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This allowsQuantum Locking Levitation



http://www.youtube.com/watch?v=Ws6AAhTw7RA
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=xM6Q2f9cZ3rNMM&tbnid=j0NLr_j0nzCiKM:&ved=0CAUQjRw&url=http://en.wikipedia.org/wiki/Macroscopic_quantum_phenomena&ei=-C0JU_WxHIKnkQeEg4DIDA&bvm=bv.61725948,d.eW0&psig=AFQjCNEoMB0cDqsPPLeaPmc6iN2QM6kdgQ&ust=1393196900204797

Type Il Superconductors

Type llare more useful in that they tend to operate at
nigher temperatures and critical fields.

Pros

Higher current, temperatures, and magnetic fields.
More suited to applications.

cons

Tend to be exotic materials not easily discovered or
fabricated.

Harder to analyze.

Not completely understood by modern theories of SC.
.5(1111{@.Roum




Evolution of Higher Temperature
Superconductors
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Evolution of Higher Temperature
Superconductors
YBaCuO,

Yttrium Barium Copper Oxide

” was the first SC to operate
above the boiling point of

This was a landmark discovery
because liquid Ns relatively
cheap and available.
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Evolution of Higher Temperature
Superconductors

Formula MNotation T: (K)
BisSraCulg Bi-2201 20
TlsBasCuOg TI-2201 80
BixSrsCaCus0g Bi-2212 85
YBazCuqgO- 123 92
HgBasCuOy4 Hg-1201 94
TlzBa-CaCus0g Tl-2212 108
BisSrsCasCusOg Bi-2223 110
TIBasCasCusO1 TI-1234 122
TlsBasCasCus0yg Tl-2223 125
HgBas>Calus0g Hg-1212 128

HgBasCasCus0g Hg-1223 134



Theories of Superconductivity

BCS theory (1957)

A microscopic theory of SC put forth by Bardeen, Cooper,
Schrieffer. Nobel Prize in Physics awarded in 1972.

Concept! 0 £ 26 UGSYLISNIF GdzNBasx St S
spins of these pairs, calléboper Pairsadd together. Since
electrons are fermions which have hiafeger spin, the sum of

two electron spins will result in an integer spin. Thus the
electron pairs behave like bosons and can then all occupy the
same quantum state. Breaking the pairing now requires raising
the energy of all the pairs. Thus amergy gapis formed. The
lattice, however, does not possess the required interaction

energy because of its low temperature. This is why SCs must b

cold to operate. SR HOSITA,



Theories of Superconductivity

GinzburgLandau theory (1950)

A macroscopic theory of SC put forth béinzburgand L.
Landau.

In a SC, the number density of Cooper pairs starts out at zero al
the surface and is asymptotic to a constant value inside the bulk
material. The distance over which this transition takes place is
called the coherence length.

It defines theGinzburgLandau Parametef: =< k which is the

ratio of theLondon penetration deptland thecoherence

length. This allows one to draw a quantitative distinction
between Type | and type ll. When the coherence length is short
than the penetration depth, it is a typlesuperconductor.

SOUTTICAROLINA



Josephson Effect

When two superconductors are joined by a thin insulating barrier,
Cooper pairs can quantum tunnel across the barrier, giving rise to .
DC current with no outside voltage source applied. The current is
function of the phase difference of superconducting electrons on
either side of the barrier. (All superconducting electrons on a given
side share the same wave function) This barriedzsaphson

Junction [(t) = I.sin(Ap(t))

Insulator

/ Superconductor Superconductor /./

|y |e P, | Vgl eiPp

D)
Cooper pair
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Applications of Superconductivity

Superconductors can be used in many practical
applications that take advantage of their unique
electric and magnetic properties.

The majority of applications involve tyfpe
superconductors due their naero magnetic
field penetration and higher critical currents,
flelds and temperatures.
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S.Q.U.I.D. (@erconductinuantum InterferenceDevice)

Extremely sensitive magnetometer

Uses the DC Josephson Effect to route [ 3 yoltage —>
current in parallel paths around a SC loo
comprising two J.J.s i B

When magnetic flux penetrates the loop,

_ _ _ ' 4 ¢ Current
shielding current arises. ‘ l

If the flux is over half the value of the Josephson — Magnetic
.. . JOsepnsol " AT

fluxon, it is energetically favorable to not  junction flux @

screen it butncreaseit to onefluxon

This causes the shielding current to ;E

I, o

change directions, which it continues t _L_

do for each halfnteger increase in - l o
fluxons ok |

This creates an AC current that gives 1
to a voltage across the insulating J.J.
which can be measured. -

AV = (R/L)AD

o
«
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Superconducting Digital Circuits

Rapid Single Flux Quantum (RSFQ) is a method of usii
Josephson junctions to process digital signals.

In SC digital circuits, JJs take the place of transistors (i
they are the active devices)

Rather than use electric
charge to store a bit, a single
fluxonof magnetism in a JJ is
dza SR® | SyOS (K

Cf dzE v dzl y ( dzY ¢

25
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Superconducting Digital Circults

Rapid Single Flux Quantum transmission lines and a host of log
gates have been developed since the late 1970s.

Ly Lga Lgn
Vj, o—=—n ~ ~ ,-.

Rbl RbZ Rbﬁ Rﬁlﬂ.

L Fbl Lo sz Lys ‘fba Ly, Pem
U1, P1 Vg, P2 V3, @3 Un,y Pn

SFQ o—F—e{Gate 1{*{Gate 2+{Gate 3|+ +{Gate n
. . 1 1

Anindividual RSFQ elemegtin operate up to the
characteristic frequency of a junction
IRy Vg

e = e = %o

)
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Superconducting Digital Circults
Recall that the single magnetic flux quantiaxon) is

h
Py =~ 2.067833758(46) X 10~ 15Wh

Using the typicaNk/ AIOJ/ Nbjunction with v, = 2mv

Ve
f. = — = 950GHz
0

Circuits comprising these elements require
nonhysteretic (overdamped) Josephson Junctions whic
have shunt resistances at the insulating junction. This
lowers the overall operating range of a complex
network to around 100GHz.
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Superconducting Digital Circults

RSFQ circuits have other advantages besides high
frequency operation:
A SC transmission lines dosv dispersion and low loss

dueto the fact that field penetration is less than a
typical skin depth and not a function of frequency

A A 100GHz processor with one million junctions is
projected to consume ~0.8W of power

A Junctions create low voltage pulses (~2mV) that are
only a few picoseconds long and are all precisely
identical

A Negligible crosstalk at 60GHz demonstrated
SOUTHCAROLINA.



Superconducting Digital Circults

Hurdles on the path to RSFQ computing include

Aw{ Cv A& | a5Aa&aNHzLIGA DTSE
Industry paradigm shift

A RSFQ chip and multichip module (MCM)
manufacturing

A Cryogenic RAM development

A Wideband input/output from 4K to ambient
temperature electronics

A Development of higher temperature
superconductors would alleviate many of these
problems

SOUTTICAROLINA



Superconducting Magnets

A This model is made from niobiutin.

A Used in particle accelerators.

A Can produce around 16 tesla, twice the nominal field of the LHC.

A 5SaA3dJySR (2 gA0KAaAdGlyYyR KSFGAY3 YR &dzo
A Designed byrermilal Brookhaven, Berkeley, and SLAC and DOE funded.
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Magnets of this type are used to steer beams of particles around
circular tracks in particle accelerators




Superconducting Magnets Failure

About 50 magnets were damaged at the LHC after a
superconducting wire with a faulty connector became normally

conducting while carrying around 13,000 amps. The explosion
shifted the several ton magnets off their axes.




12500 AMPERES
CABLES NORMAUX

12500 AMPERES

CABLE
| - cupRA-CONDUCTEUR

Cables with the sameurrent rating: 12,500A




Superconductor rated for 12,500 amperes!
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Particle Accelerators

Can be circular or straight.

Largest is LHC in Geneva, with
17 mile circumference.
{YFIffSad Aa GK
I OOSt SNY 12NJ 2V
uses lasers to boost electrons tc
relativistic speeds. It is the size &g
of a grain of rice. :
Used in particle physics
research and nuclear medicine.
Require SC magnets to steer
particles in uniform circles, and
SC RF cavities to accelerate
them tangentially

Radius of relativistic particle:

ym,v Fermi National Accelerator Laboratory,
R = qB Batavia, lllinois
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