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1515 Credits and thanks

The material of this course is largely based upon:

e S. Prestemon and S. Gourlay “Basics of superconductivity” (Unit 3 of USPAS 2018)
A. Gurevich, “General aspects of superconductivity” (2007 SRF Workshop, Beijing, China, Oct.
11, 2007)

V. V. Schmidt, “The Physics of Superconductors” (Springer, 1997)
M. Tinkham, “Introduction to Superconductivity” (1980)

An excellent video course from Univ. of Cambridge:

Lectures on Superconductivity - Introduction (cam.ac.uk)

https://www.ascg.msm.cam.ac.uk/lectures/introduction.html
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Outline

Part 1

= Discovery of superconductivity
= Basic phenomenology of superconductors and characteristic lengths
= Microscopic theory of superconductivity

Part 2

= Type | and Type Il superconductors

= Phenomenology of type-Il superconductors: flux lines, pinning, flux flow, critical state
" Practical scaling for technological superconductors

= Summary on applications
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Helium liguefaction opened up a new era in

condensed matter physics

Helium liquefier built in Leiden in 1908
produced ~0.28 liters/hour

(summary by S. Presetmon)

Faraday (~1820’s) demonstrates an ability to liquify gases by first
cooling with a bath of ether and dry ice, followed by pressurization.
He was unable to liquify oxygen, hydrogen, nitrogen, carbon
monoxide, methane, and nitric oxide

The noble gases, helium, argon, neon, krypton and xenon had not yet
been discovered (many of these are critical cryogenic fluids today)

In 1848 Lord Kelvin determined the existence of absolute zero:
0K=-273C(=-459F)

In 1877 Louis Caillettet (France) and Raoul-Pierre Pictet (Switzerland)
succeed in liquifying air

In 1883 Von Wroblewski (Krakow) succeeds in liquifying oxygen

In 1898 James Dewar succeeded in liquifying hydrogen (~20 K!); he
then went on to freeze hydrogen (14 K)

Helium remained elusive; it was first discovered in the spectrum of
the sun. In 1908 H. Kamerlingh Onnes in Leiden, The Netherlands
succeeded in liquifying Helium (4.2 K)
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L Resistivity of metals

Copper resistivity
Resistivity in a conductor stems from the scattering of 1o ﬁﬁ | | H ]//{/_7
electrons off thermally activated ions £ r A= P73 K 1) | t L
u_f; :FtFIF; ||.3 I /
Resistance, therefore, goes down as the temperature decreases = 101 L ___'_fﬂ}/ﬂ%
(from the high-temperature regime in which p o T to a low- z . LI:__ = // —
temperature regime in which p o T°) < b 4l I—
% 0l .-zr!:l-—---- : - —]
The decrease in resistance in normal metals reaches a minimum < |5;+'"" cas mﬁ_n_m_
due to the presence of irregularities and impurities in the lattice, S 1000 T
hence the concept of RRR (Residual Resistivity Ratio). RRR is a E 10Jtaan "'rgpm_ _ ot g
rough measure of electron scatterers (dislocations and = | ' ' 5,"_ e
impurities) in a metal. ) [ L S AL [ u ]
T \" [Or/T n TEMPERATURE, K
p(T) = A(EI_R) /{; (ef — 1)(1 — E_f}dt In 1911 several theories (by Debye, Einstein,
Matthieson, etc.) co-existed describing the
(Bloch — Gruneisen, 1930) resistivity behavior of metal close to absolute

zero. The successful liquefaction of Helium
allowed verifying those theories for the first time.
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155 Discovery of superconductivity

The resistivity of a superconductor is truly ZERO, accurate

g to 1025 Q m. (Purest copper at 4.2 Kis ~101 Q m)
e
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Figure 1. Heike Kamerlingh Onnes (right) and Gerrit Flim, his chief technician, at the helium liquefier in Kamerlingh
Onnes’s Leiden laboratory, circa 1911.

A zero resistance state!

. : Figure 2. A terse entry for 8 April H K Onnes, Commun. PhyS Lab 12, 120, (1911)

A VAP 4 . v bl 1911 in Heike Kamerlingh Onnes'’s
notebook 56 records the first ob-

ﬁ’“ il S servation of superconductivity. The https://doi.org/10.1016/j.physc.2012.02.046

highlighted Dutch sentence Kwik

nagenoeg nul means “Mercury[’s re-

il it sisancel practically zero ot 3€)*  ({EEENNNNNNN  https://physicstoday.scitation.org/doi/10.1063/1.3490499

> i e The very next sentence, Herhaald
i pucss S—— met goud, means “repeated with ;
== gold” (Courtesy of the Boerhaave Dirk van Delft’ Peter Kes (201 0)

Museum.)
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155 Superconductor in a magnetic field

"...100,000 Gauss could then be obtained by a coil of say 30 centimeters in diameter and the cooling with helium would
require a plant which could be realized in Leiden with a relatively modest support...’
Third International Congress of Refrigeration, Chicago Sept 1913

But...

. “Using sections of wire soldered together to form a total length of 1.75 meters, a
coil consisting of some 300 windings, each with a cross-section of 1/70 mm?, and
insulated from one another with silk, was wound around a glass core. Whereas in
a straight tin wire the threshold current was 8 A, in the case of the coil, it was just
1 A. Unfortunately, the disastrous effect of magnetic field on superconductivity
was rapidly revealed. Superconductivity disappeared when field reached 60 mT.”

H. Kamerlingh Onnes, KNAW Proceedings 16 11, (1914), 987. Comm. 139f.

% T HC(O) A temperature-dependent “critical field” H(T)

f exists:
Lead wire wound coil | b HC(T) - HC(O)[1 - (T/TC)Z]

Leiden, 1912 5

g - empirical dependence
H. Kamerlingh  Onnes, “The sudden Tg
disappearance of the ordinary resistance of tin, Temperature
and the supraconductive state of lead”, Lo ..
Commun. 133d (1913) Magnetic field destroys superconductivity!
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a. The gradient of a scalar-valued function f(z,y, z) is the vector field

af . af. af.
df=Vf=—1+—3+—k
grad f f Ba:‘—i_ﬂyj—'_ 5%
Note that the input, f. for the gradient is a scalar-valued function, while th
output, V£, is a vector-valued function.

b. The divergence of a vector field F(z, y, z) is the scalar-valued function

OF
oz

aF,
dy

aF;

dvF =V .F =
iv 4 32

Note that the input, F, for the divergence is a vector-valued function, while
the output, V - F, is a scalar-valued function.

Differential operators

c. The curl of a vector field F(z,y, z) is the vector field

curlF:?xF:(%—%)i—(%—%)jﬁ—(%—%)ﬁ

Note that the input, F, for the curl is a vector-valued function, and the
output, V x F, is a again a vector-valued function.

. The Laplacian? of a scalar-valued function f(z, v, 2) is the scalar-valued
function

a? 2 a*
f . f f

ﬂ = ?2 = v 1 v —
f f f ar:  gyr 0922

The Laplacian of a vector field F(z, y, ) is the vector field

*F 8°F 9°F

AF-VF_-V.VF_2- 9~ |
oz oy dz2

Note that the Laplacian maps either a scalar-valued function to a scalar-
valued function, or a vector-valued function to a vector-valued function.
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; .
Maxwell’s equations B
o B , — The flux of the electric field out of an arbitrary closed surface
V-E = Gauss’ |
€ auss law is proportional to the electric charge enclosed by the surface
V - é = () — Magnetic field lines “curl” around currents, magnetic
6‘5 monopoles do not exist
V X E — —— Faraday'slaw — dB/dt induces voltage (and so in conductors that generates
ot electric current)
- - 8E Ampere’s law —  Moving charges generate magnetic field
VxB = —
X = poJ T Hoto ot (corrected by Maxwell)
o = 4w x1077  N/A? Permeability of free space
e = 8.85x107" 02/(Nm2) Permittivity of free space
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Intermediate state rtermediate state”

4B /dt | F If field is applled to the Ordinary Table 1.2. The demagnetizing factor n for various geometries
B/dt ! dB/dt =0 conductor, it would penetrate it Sample geometry I

! ! slowly, with a relaxation time t ~ Cylinder in parallel field 0 oo - Hy
L/R (->oo for an ideal conductor, so gg}‘l‘;‘éef in transverse field iﬁ Yo 1-n
</“\> the field will never penetrate) Thin plate in perpendicular field 1
( > N « But if “ideal conductivity” s AN BT Superconducting regions: H=0
“turned on” while the magnetic = d2%=2= Normal regions: H=H,
field is already present, field lines
V v VYVVVYY ] .
b) would just stay in the conductor. / } { Y
a)
H d
0 o WA T h Wil
M i \/// ¥l
° © 777 %%
(o] (o]
1 Superconductor expels |
o o Y r N
. @ sHe magnetic flux!
(o] (o]
Fig. 1.7. Superconducting and normal regions in a tin sphere [15]. Shade region:
o o Fig. 1.5. Superconducting sphere in the homogeneouﬁ field are suPerconSucting e 1 i sphere [19] Shaded
f lenoid; I — the windi f the solenoid, 2 — the su- . . . .
o | st or = il e Normal region size d. would adjust to provide a
. correct value of the field.
W. Meissner and R. Ochsenfeld (1933) Meshkovskii, Shalnikov (1947)
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Magnetization of a superconductor
The magnetic induction B and the magnetic field H, in the material are related with Sl unit of B iis Tesla
each otheras: B = puy(Hy,+M), where M is the magnetic moment per unit volume SN il L 6 Ao _ o
(magnetization). One often us?d T m.T to define H, as it is
M = yH,B = uH = uy(1 + y) H, y - magnetic susceptibility ‘;nmtzgenpcfscg'f,;ili'l'z _ e

1 = Magnetic field outside of a superconductor is always
tangential to its surface

V:B =0 = Component of B normal to the surface must be

[H equal on both sides of that surface. As inside
0 .
the superconductor B =0, so in B =0

> =  Superconductor in an external field always carries an

B/ugt He  Hy electric current near its surface
o V XB =fto}
HO
<& > % Bdl = gl
1 12 i Vacuum  17273-4
Z%W poHoliz = Iiofsurfl12
Jsurt i ' 53 Superconductor U
He  Hy jsurf = [n X HO]
= Superconductor below H_is an ideal diamagnetic (y = —1)
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London equations

Two-fluid model: assuming coexisting “fluids” of normal and
superconducting electrons with densities n (T) + n,,(T) = n

Electric field E accelerates only the SC component, the normal
T.T component is short-circuited

Assuming ballistic flow for the superconducting electrons, one can write second
Newton law for the SC component as:

dvs
mﬁ = ek
As current J ¢ = ng(T)evy, by substituting we obtain: (Zts = (ezr;i(T)
Now, using two Maxwell equations:

e :
-
o E
j Sh5 x

Fritz London Heinz Londo

)E (First London equation)

OH

VXE =-py =
U

AAH —H=0 (Second London equation)

and VXH =] and the known identity: a-VX b =b -VYXa —V-[a X b]

- 1/2  has a dimensionality of length N
where A = ( > > and is called London penetration A(0) The empirical formula
e“ns(T) o depth AMT) =

for the temperature
1—(T/T.))*
(1= T/Te) dependence of A
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Magnetic penetration depth

H

0

Re-writing the second London equation for the

2R

familiar problem of semi-space occupied by a

Vacuum

1 12

superconductor with field applied parallel to the

surface, we get:

il A 2H =0
dx? B

H = Hye /%

Field decays exponentially with distance
as it penetrates the superconductor

A is a characteristic depth
of field penetration

A 4

\ 4

Table 2.1. London penetration depths for some superconductors [2]
Hg In Nb Pb Sn Tl
640 470 390 510 920 1700

cd YBasCuz O~

1300

Element Al
X(0) /A 500

380-450
(anisotropy)

RO

\

0 H(0) = H,

H
i Superconductor

xv H(o0) = 0 (Meissner effect)

§

Joui |
urf4

H
and then j, = 703"‘/1

jo = dH /dx

Supercurrent completely screens the applied field from

the interior of the superconductor
T2 3/2
1 —_—
< TC2>

_H(T) _

Limiting value for the j
o

surface current density:

Ja = AT)
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L Thermodynamics of the superconducting transition

Free energy of the superconductor changes at the superconducting transition

F_F = @ .— “Condensation energy”
n N

Free energy is lower in the superconducting state!
F,—F =

o 7 + Uo f MdH - Generalized equation when external magnetic filed is varied. Useful for calculating M!

oF dH
Entropy: S = — a7 = 5,—S =—H, dTC C;I;C < 0 => Superconducting state is more ordered than the normal one

We can then determine the amount of heat absorbed when a unit volume transitions from the superconducting to the
normal state: dH.

Q=T(S,—S;)=-TH, a7
an TC < 0 the heat balance is positive (meaning the superconductor is cooling when it transitions in magnetic field to
the normal state). This is a hallmark of a first-order phase transition

As

Specificheat: ¢ =T = A oy EHe dH,\’ °
C = — = — =
pecific hea a7 C=Cg —Cp ¢ qT2 + a7 2 5
Note that at critical temperature T, we have H. =0, andso §;; —S3=0 and Acy, =T, (igc)
Superconducting transition at T is a second-order phase transition (Rutgers’s formula) = P r
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155 Microscopic origins of superconductivity

The atomic lattice vibrates all the time; lattice vibrations are
called “phonons”

- 9 . . 0 ’ . . R I
9 ‘
200332000009 ° ”
Q0 Q Y Q 4
PO9920g%%00 L : : : : :

b 2 900000 An electron moving in the vibrating lattice of ions interacts
iy e ® : %20 a withitvia Coulomb forces (electron-phonon interaction)
1009 " " Jowoe0l?

9 : : : : : :
:: : PP ¢ : :: A “trace” of the lattice distortion remains behind a moving
:‘.000 ° 0009 . electron.
20092 ks
9 @ d o :
pe o9 o%’ ee Another electron can take advantage of this distortion to
a®o9 ° 032‘ e

move through the lattice easier (aka “flocking”). Through
interaction with phonons, electrons can influence each
other over long distances of many lattice constants.

In a superconductor, when the temperature descends below the critical temperature, electrons find it energetically
preferable to form “Cooper pairs” (Cooper, 1953) of electrons with anti-parallel momenta and spins. Due to the long-
range nature of the interaction, many Cooper pairs may coexist in the same volume of the superconductor. Since free
energy is lower in the superconducting state, the interaction responsible for the pair forming is attractive.
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i  Superconducting energy gap and coherence length 2

Electrons are % spin particles and hence are fermions. The average number of fermions in a single-particle state i is given
by the Fermi—Dirac distribution:

n; 1 Ay Bt ) A, - superconducting

= AN it ener d
1 Normal metal (T=0) \\ \\\SuperconductOf,f gy gap
[ holes: ,
1 Superconductor N -/ electrons (Typically only ~1 meV or
n; = e (e~ /kpT + 1 "\\/ AOI Normal metal  1022J (compared to
= > E, > several eV of Fermi energy)
Er Pr D

In normal metal, at T=0 all states up to E, are occupied, and above E, are empty. In a superconductor, even at T =0, there is a
characteristic broadening of the distribution near £, due to the electron-phonon interaction.

2
Ngg AZ — HoH¢

2 2
At the same time, only electrons within ~kgT_ of the Fermi energy can be expected to play a role in a phenomenon that sets in at

KT, . , . .
T.. These electrons have a momentum range Ap ~ v—c By analogy to the famous Heisenberg’s uncertainty principle Ap4x ~ h,
F

As a result, the net energy of the electron ensemble decreasesby: AE = F, — F, =

the characeristic dimensions of the superconducting wavefunction can be estimated as Ax ~ 2’ where h is the Plank constant.
This defines another characteristic length for a superconductor, called superconducting coherence length:

_ ~ Pippard, 1953
So=aig 1). (Pippard, 1953)
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Ginzburg-Landau’s (GL) theory of superconductivity
ne\1/2 |Y|%=0 atT > T, It combines an order
Complex superconducting order parameter: Y = (7) e‘e\ ) parameter and a quantum
e Yl *>0 atT <T, mechanical wavefunction
amplitude phase

Near T, the order parameter Y is expected to be small, so free energy can be written as Taylor series:

OF = fy = fo = alp[? + 5 [Pl

a(T) = ag(T — T;)/T, - changes sign at T \ Generalization of the

>0 London equations to
nonlinear problems
a(T) >0 SF a(T) <0 SF
V. L. Ginzburg L. D. Landau
Yo CH? (1950, Nobel prize 2003)
l/) 1/) oflc
T b0 \/ _\/TI 2 GL theory is one of the most widely used
oY = T <T,y=(lal/B) theories in physics
(normal state) (superconducting state)
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L Phase coherence and flux quantization

All superconducting electrons are paired in a coherent quantum state described by the macroscopic complex wave
function: (ns)l/2 : The same phase 0 for all superconducting electrons!

— o
i 2 SQUIDs
“analog” of Ohm’s law ‘

e
Phase gradient results in a superconducting current:
8 Vo p g for superconductors! N
Qubits

Vector potential

1/2
m
_ T ) London
e“ns(T)ko penetration depth
h
o = ﬁ - magnetic flux quantum
e

"If one integrates J ¢ around the contour taken in the bulk of the superconductor where Js = 0, then:

1 ¢ — 1 .
3 f <2_7(; V0 +4 ) dl = 0 Using Gauss theorem: ¢ = J VvV AdS = %Adl and the fact that i must
0

be single-valued, one comes up with a periodic solution: gﬁV 0dl = 2nmn, where n=0,+1,+2, ...

U o = in¢0, ¢0= ﬂh/ Iel =2.07x 101> Wb

M. Marchevsky — USPAS 2024 — Knoxville, TN



155

Important results of the GL theory

Magnetic London penetration depth near T_: A

1/2
A(T):< mp > T,

Zezﬂoao TC —T

T T
Coherence length near T_— a scale of spatial variation of the superconducting electron density ns(r) or
superconducting gap A(r):

K2 1/2 - g
T) = =
$(1) <4ma0> T.—T
Critical field B.(T) neat T, in terms of £(T) and A(T): T T
h B "
BC(T) e é'\oéo’ /_s____
4 2meé (T)A(T) N &
V\Oﬂ OQQ}Q /
The Ginzburg-Landau parameter: kK = 4/¢
is an essential temperature-independent characteristic of \\
superconducting materials >«
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1515 BCS theory

In 1957 Bardeen, Cooper, and Schrieffer publish microscopic theory (BCS) of Cooper-pair formation that continues to be
held as the standard for low-temperature superconductors. Nobel prize 1972.

*

k Attraction between electrons with

antiparallel momenta k and spins
due to exchange of lattice

Ky vibration quanta (phonons)

Cooper pair on the Fermi surface
A rigorous microscopic theory explaining the formation
of Cooper pairs and superconducting energy gap

Bose condensation of overlapping Cooper pairs in a

coherent superconducting state. (Cooper pairs are John Bardeen Leon Cooper  John Robert Schrieffer
bosons!)

Critical temperature T, is connected with the electron-phonon coupling constant and the energy gap:
T.=113Tp e~1/Y where y = 0.1-1 is a dimensionless coupling constant between phonons and electrons

20 = 352 kgT,, T, & Tp (where Tp is the Debye temperature ~300 K)
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Basics of superconductivity and
applications

(Part 2)

M. Marchevsky,
Lawrence Berkeley National Laboratory
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IHi Type-l and Type-Il superconductors

Pure elements (Hg, Sn, Pb, In, etc. are usually “type I”
But many alloys were exhibiting “type II” behavior”...

“mixed state”

N
H.H H
cl Pb

c 1102
In
Type-l: Field penetrates the superconductor at H., -
destroying bulk superconductivity at once
Nb
Type-ll: Field penetrates the superconductor at H_, but -
superconductivity is fully destroyed at a much higher field Nb.Sn
3
ka
MgB,
What happens in a superconductor between H_, and H ,? YBCO
Bi,Sr,Cu,04,5

7.19
3.14
3.72
9.26

10
18.3

39
92
85

T $o Ao
(K) | (hm) [ (nm)
83 37

70
230
38

1.5
1.5

40
14
39

240
65

140
150
200

K=A1/§
0.445

0.57
0.06
1.026

60
21.7

23.3
100
117.6

Lev hubnikov

GL parameter

~
rerreeor ||

HoHc (or Bcz)'

(T)
0.08
0.03
0.03
0.82

15
30

74
~100
~120
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First type-ll superconductor magnet

Nb WIRE, UNANEALED,
.002" DIAM., ENAMELED,
4296 TURNS

oD 1"

Cu WIRE,#26,BARE,
183 TURNS *

for quench
protection

George Yntema, Univ. of Illinois, 1954

FIELD IN GAP (KILOGALSS)

——1 0.7 T field

0 0.5 1.0 .5 20

MAGMET CURRENT (AMPERES)

The first successful type-ll superconductor magnet was wound with Nb wire

It was also noted that “cold worked” Nb wire
yielded better results than the annealed one.

Material defects in the conductor seemed to
help improve the magnet performance!

SAMPLE =
L0032 = DIAM.

o AME

hard

MAXIMUM  SUPERCURRENT
b

annealed

o AMP

=
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L Flux lines (vortices) and flux-line lattice

-

In 1956 A. Abrikosov applied GL theory to the case of “extreme” superconductors where A > & (k >1).
He found that in this case it should more energetically favorable for the magnetic field to penetrate the
superconductor at H,, in a form of flux lines or “vortices” carrying a single flux quantum ¢q = .... Wb

rather than forming macroscopic domains of normal phase like in type-l materials.
Nobel prize, 2003

”normilt”core” According to the solution:
TB \;\j [{/' K< 1/\/§ - type | superconductor
L K > 1/\/5 - type Il superconductor ¢
bo ¢ A
0 a2
H., = In-+0.5
(/;-:\'j “t 47TIU’OAZ < 5 >
H. = Po - when normal cores overlap, ’
c2 2 62
~ 22 THoS™  superconductivity disappears
Magnetic size of the vortex et
To further minimize energy, vortices will form a hexagonal lattice

. . . . . . . #
Vortex density n(B) = ¢,/B defines the magnetic induction B in the material
FIG. 2. The lines of current coinciding with the lines of con-

Spacing between vortices: Ag = ((l)O/B)l/Z stant [¥| for a square lattice.
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1515 Vortex state in type-Il superconductors

H

Vortices are magnetic dipoles, they repel

. . rﬁ;d .
each other (locally), while macroscopic 3% ‘ A% SRR
,é »

SRS -\" JORARY) o
. . ’ f N e
currents flowing in the superconductor TRy kv?h-.k.:'{-i.' Ty
”pU”” them in, thUS balanCing the net fOrce. FIG. 5. First decoration picture of vortices by Essmann and

Traeuble (1967).

_—
rrereee |ﬁ
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Vortex lattice In different materials

frrreereor m

HERKELEY Las

2

o b, E.W"l

. %% SR A
MoGe ~05mT

Magnetic imaging methods
like decoration only work at
low fields ~H

1, Where
interior-vortex separation is

greater than A, so they do
not “overlap”.

v
pRETey
w3 :

\:.

RIS 08
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L Vortex matter: elastic properties
o ¥ - Compression modulus: » Like the real matter, “vortex matter” has elastic
s B2 , properties and elastic energies associated with
E 4 " e C,, (k) T An 1+22k2 l/l them!
(B~ B)
e Shear modulu5'
. ) =22
- — 2 A(T) =
. . Ces — (872/1) 1//1 (1—T/'|_C)]/2
Vortex lattice “stiffness”
A vanishes at T_is
, _ approached
Tilt modulus: What can distort elastically-
B2 1 coupled vortex lattices in a
ly/2 _
al Cu(K) = Arls Pk T 1/ 2 material?
Y k is the wavevector of the deformation, k = 2m /1,
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IHi Flux flow Iin absence of pinning

B

= Viscous flow of vortices due to Lorentz force
Normal

F, = ¢,[] x n] - Lorentz force acting on a single vortex g (Ohm'slaw)

A
F; = nv where 1 is a viscosity coefficient
Superconductor

Together with the Faraday’slaw: E=v X B (flux flow)

o

o

o this yields the flux-flow relation: / )
® )
[}

- B volume fraction of
E = p¢] Pf = p/@ normal vortex cores!

Vortex flow viscosity appears due to dissipation in the vortex core and
can be expressed in terms of the normal state resistivity:

j N = ¢oBc2/ pn

Example: E = 1 uV/cm and B= 1T => vortex velocity is

=—==0.1
v=>p mm/s
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weak pinning
collective pinning

1 1/2
2
£y Z{zﬂpfp /VJ

2
~ O..C
VC 66 44

Larkin and Ovchimnnikov, 1979,

Vortex pinning

strong pinning
individual (single vortex)
pinning)

Pining action of
various material
defects “competes”
against the flux line
lattice elasticity

It is favorable for a flux line to “sit” on a defect, as normal core would be going through the
volume where superconductivity is already suppressed locally by the defect. Energy gain!
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Flux pinning

Flux lines can be pinned by a wide variety of material defects

* |nclusions

* Under certain conditions, small inclusions of
appropriate materials can serve as pinning site
locations; this suggests tailoring the material
artificially through manufacturing

* Lattice dislocations / grain boundaries

* These are known to be primary pinning sites.
Superconductor materials for wires are severely
work hardened so as to maximize the number and
distribution of grain boundaries.

* Precipitation of other material phases

* In NbTi, mild heat treatment can lead to the
precipitation of an a-phase Ti-rich alloy that
provides excellent pinning strength.

* In high-temperature superconductor Y-Ba-Cu-O
nanorods can be formed to pin vortices along the
length (very strong!)

«._Q 3

Fig. 6: Microstructure of a Nb;Sn filament (Courtesy of C. Verwaerde. Alstom/MSA).

TEM by A. Goyal, ORNL
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1515 Depinning. Critical current.

BJ. = E,(T,B)

Balance of the volume Lorentz and pinning

forces defines the critical current density J.

= Defects pin vortices and restore almost
zero resistivity for currents J smaller
than the critical current density J,

5 um

»

" For currents J > J_flux flow is restored Decoration image of the flowing vortex lattice in NbSe,
= ]_is strongly sample dependent c MM, PhD thesis
A
Normal
E (Ohm’s law) _— normal state
* Superconductor with Normal (or burned...)
pinning (flux flow) . (Ohm’s law)
|deal case = In reality => - thermal instability
‘]C /~(J/Jc)n - J

J
» J_variation range: 10?> A/cm? — (MoGe, NbSe,) -> 10> A/cm? (NbTi, Nb;Sn)
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IS Bean critical state and magnetization

Assume a slab of type-Il superconductor where
field is applied parallel to its surfaces. Magnetization measurements can provide
insight into flux pinning and flux motion, key
Screening currents will then flow along the  concepts governing the performance of
surfaces. If current density reaches J, flux lines ~ superconducting materials.
will be “pulled” into the slab. The process will
stop when current density equals to J_
everywhere where flux lines are present, 12
resulting in the Bean critical state (C.P. Bean, ot [
1962)

460G

=
2]
2]

miai)

(s 1 pap O

Hod, = - dB/dx, and assuming J, = J.one can
find the depth of initial flux front penetration
into the slab (or cylinder) as: ke, : — _

Hext B Bext 4 5 4 3 2 . d 1 1 3 4 b |

0= = e H(T)
d, Jo o tole J. Vanacken, et. al, 1999.

‘!'xTr.:._ QBJ:C L;'O.

T

. mimadatsd
|

=
o
:I:——-b
\ = =
= n I
(=]

[ o= \

F
I

Magnetization in type-ll superconductors is mainly defined by pinning and AM - B oc I P(T’B )
formation of critical state (rather than by the Meissner effect as in in type-I Often used to evaluate J (B,T)!
materials). It is because penetration fields in high J_ materials are typically >> H_,
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L Flux jumping

When pinning is strong, a significant amount of flux is trapped in superconductor (=
magnetization)

When current exceeds critical, instead of a gradual de-pinning of vortices, an “avalanche-like”
instability may occur that is called “flux jump”

The mechanism of “flux jumping”:

A small “bundle” of flux initially moves -> temperature rises->critical current density (pinning
strength) is reduced -> more flux moves -> temperature rises further ->> a flux “avalance” forms,
seen as a spike in voltage across the conductor...

“Cure” for flux jumping: weaken the link in the feedback loop. This is primarily done by reducing

diameter of a superconducting wire. Use many fine filaments instead of a large diameter wire. For
NbTi the stable diameter is ~ 50 um.

M. Marchevsky — USPAS 2024 — Knoxville, TN



155

Modeling pinning

= Precise first-principles physical descriptions of overall pinning strength (and hence critical
current) of real superconductors is difficult due to various mechanisms of intrinsic pinning

= Nevertheless, models based on sound physics minimize free parameters needed to fit
measured data and provide reliable estimates for classes of materials

= One of the most cited correlations is that of Kramer:

H
Fp =F . f(h) <« —= f(h) f(h)t

KY
f(Ry=hn"(1-h); h=H/H,

The fitting coefficients vand y depend on the type of pinning.
Temperature dependence is through:

v

2

H (T)= H _(0) 1—(%) “Kramer’s plot”
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‘ Scaling of critical current: field dependence e
" The Kramer formulation provides excellent fits in the region 0.2<h<0.6 for Nb,Sn; it is appropriate for regimes where
the number of flux lines exceeds the number of pinning sites
= Qutside this region, a variety of effects (e.g. inhomogeneity averaging) can alter the pinning strength behavior, so the
pinning strength is often fitted with the generalization

S, (h) < h* (l—h)q; h=H/H,

. . . 1.1x10°
= |tis preferable to stay with the Kramer formulation, yielding: J;’IZB”4 = —U, (ch — H)
K
1.5
1.0 i
| 5
Bos 1 B
o= &
E -
700 E
II:I.. I-uS' [ T T L ] i
E [ p=035 E
1.0 f 1 £
g 1 &
0.5F . .
..... o ] - ik
{]_n 1 1 1 [] 1 1 L j ey S | i ﬂ,ﬂ' L | i | i ] M M -
00 02 04 06 08 10 1.2 0.0 02 04 06 08 10 1.2
Reduced magnetic field Reduced magnetic field
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Strain dependence of J. in Nb;Sn:
physics-based model

A physics-based model of strain dependence has been developed using the frequency-dependent electron-phonon
coupling interactions (Eliashberg; Godeke, Markiewitz)

— Phonon density of states
a (w)F G

A, ()= f

From the interaction parameter the strain dependence of Tc can be derived
Experimentally, the strain dependence of Hc2 behaves as

Hop(42,6) _ (Te(®))
Heom (4.2) ‘( )

TC m

The theory predicts strain dependence of J_ for all LTS materials, but the amplitude of the strain effects varies (e.g.
very small for NbTi)

The resulting model describes quite well the asymmetry in the strain dependence of B_,, and the experimentally
observed strong dependence on the deviatoric strain
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IS Scaling of critical current, Nb,Sn,empirical strain =24
dependence

12 S 12 ey
. . . . . . El.ﬂ:- 110} .
= The critical current of Nb,Sn is strain dependent, particularly at high field I : Nﬂw
08L <4 0.8k 4
= The strain dependence is typically modeled in terms of the normalized gnﬁ; . !
critical temperature: 50 N .
Ho4 J04F o
3 E Spring ) - SpHng !
ch (4.2, 8) ]; (8) ( ) z 0.2 :-,{:Suur' Vim v 02 E:Tsmr‘ Vim N ]
~ = S(€ e BT ST DY AL e A
H (O) T 0"-]0.8'-0.6'-0.4 02 0.0 0.2 04 0.6 o.so'(-]&s 0.6 -0.4 02 0.0 02 0.4 0.6 0.8
c2m cm Applied axial strain [ % ] Applied axial strain [ % ]
. e g = 0% LE Ll i
* The term T_, and H_,,, refer to the peaks of the strain-dependent curves S R
. b g Xd ':'.'. v v :
= A strain model proposed by Ekin: | 75 18rs
g | ¥ . v v ) r vy
L7 % *.‘ To 77 T son T
S(S) = 1 - a ’8 axial % 4 ¥ J - 4 CI.'.!IZI:!‘IU.‘I'.I‘L‘ -
E g Y i
7 v
900 Eaxial < O :E ' TP O T¢ ¢
= 20+ 15T 12T 10T 5T 0T
1250 Saxial >0 : .' re |4 v ¥
1_]. --"";'-Ilj ---v-ﬂ'n;_'-_.ﬁ'; . ..--n'-'- - -.;’-'
5 7.5 10 125 15 17.5

Temperature TIK] phh thesis, M. Mentink
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HERKELEY Las

IS Critical surface: example fit for NbTi

Critical surface: critical current density plotted as 3D plot against Band T

= NbTi parameterization
* Temperature dependence of B, is provided by Lubell’s formulae:

T 1.7
1= —
TCO

where B, is the upper critical flux density at zero temperature (~ 14.5T)
» Temperature and field dependence of J. can be modeled, for example, by Bottura’s formula:

Bcz (T)= Bczo

1.7 7Y Vot

“(z)

where J. . ¢ is critical current density at 4.2 Kand 5T (e.g. ~3000 A/mm?) and Cy,; (~30 T), o,7; (~0.6), By,
(~1.0), and y,,; (~2.3) are fitting parameters.

C Np1i Bpri
JC (B’ T) - CNbTi B 1— B
J B | B, (T) B, (T)

C,ref
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J. universal scaling for NbTi & Nb3Sn
C q Nb,Sn
J(H,T,e)=—s(e)1-1t*)Y1-t W (1-hY, 3
(H.T.e) uoH S(E)(\ i) ( ) Godeke, SuST 19
with Y on, =152
t=T/T, (e), h=H/H,(T.), on,=2
ch (T E) chm ({))s(g)(] — " ), _ ep=05
10" e eg=2
T (e)= 5(3) : § e S(g) = strain
[ ' dependence
Godeke et al., 10° k
SUST 19 (2006) :
NbTi

Bottura, TAS 19
en, =n,=1.7

Critical current density [ A/mm?> ]

_ | , e p=0.73
P02 4 6 8 10 12 °q=03
Magnetic field [ T | ® S(E) = 1
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155 High temperature superconductors

1986: Bednorz and Muller discover superconductivity at high temperatures in
layered materials comprising copper oxide planes

e Extreme type-Il materials, k>>1

160~
b 163K Aug 1963
i {under pressure}
Hg-Ba-Ca-~-Cu—~-0O . - .
140 - * T.above liquid nitrogen :
¢ 133K Apr 1893
e Gloptesige ) George Bednorz and Alexander Muller
e 4 Ti-Ba-Ca-Cu-0 * B, is>100T 3 ‘» Nobel prize for Physics (1987)
1 ok 7
i~Sr-Ca-Cu . ’:v%‘ﬁ:“. ° > o p
100} * Layered -> anisotropy! . s, e, J%
- 92K Feb 1987 "+§~ Te SRR ..:_,z.f.;,;d
Y-Ba-Cu~-O _c.%_:__’ 3 » g + + 2 {’“‘
80 Eiauid Nz * Brittle (ceramics) e R i1
s 39K Jan 2001 MgB a Bi2212 b Bi2223 cY123
2
60} eg @ - .
m_—— * Critical current density improved
i I s dramatically since the discovery silver
wer SsKsté 1386 4 ﬁl(dge:r;ggfm) YBCO
in La~Sr-Cu b 30K Apr 1986 buffer
Liquid H,  NesGe * Our only path towards 20+ T , layers
e | o : 5 SR Sk, i b
Nb-AG superconducting magnets i et
R (D Hastelloy
g i 1 i i i
® 1910 7930 1950 1970 1990 2010 Geometry of the modern YBCO tape conductor
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Superconductors for high-field applications:

104 |

Whole Wire Critical Current Density (A/mm?, 4.2 K)

10

April 2018
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summary

" Nb-Ti 4.2 K LHC insertion y Maximal J, at 1.9 K for entire LHC NbTi ERA Bl Tore Dlnr
C ’/ bl quadrupole strand * strand production (CERN-T. Boutboul '07). REBCO Bl Tape Plane
L P (Boutboul etal. 2006) . Reducing the temperature from 4.2 K
% produces a ~3 T shift in J, for Nb-Ti f SuperPower tape, 50 pm
r substrate, 50 um Cu, 7.5% Zr,
~ g< f measured at NHMFL
& s —— =
L S5
%ﬁ%gg 55x18 filament B-OST strand with NHMFL
Qe 50 bar Over-Pressure HT. J. Jiang et al.
: e e 777771:“'-‘75.}‘,:\,‘L[’|—r.
- 2223: B || Tape Plane REBCO B Tape Plane
- / Sumitomo Electric (NHMFL) —r R 1
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2013 Z N Compiled from === Nb-Ti: LHC 1.9 K
- 92l ki =3 = Nb-Ti: LHC 4.2 K
f 4543 filament High Sn I(f!v;c 03 ’fgi ;rrs) X R ._
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1 1 1 I 1 1 1 } 1 1 1 1 } 1 | | 1 I 1 1 1 II 1 1 1 1 } 1 ! L { 1 1 I T i T L 1 1 }
0 5 10 15 20 25 30 35 40 45
Applied MagneticField (T) MAGLAB

_—
rerreeor |ﬁ

P. Lee, NHMFL
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MRI

Particle accelerators (dipoles,
quadrupoles, correctors)

Other HEP experiments (detectors,
particle guiding, etc...)

Medical radiation treatment
(gantries)

The fusion power produced in a
tokamak is proportional to the
strength of the magnetic field to
the fourth power!

Nuclear Fusion
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Superconducting applications (non-magnets)

Quantum computing

Bolometers, IR and THz detectors (astronomy, dark matter,
security applications, etc...)

Power applications (superconducting grid: cables, SMES, SFCLs)

Transportation (MAGLEV, electric airplanes)

More are coming!
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Thank you!
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