PHY 712 Electrodynamics
9-9:50 AM MWF Olin 105
Plan for Lecture 32:
Special Topics in Electrodynamics:

Electromagnetic aspects of
superconductivity

04/12/2019 PHY 712 Spring 201

4/11/2019

[23 |Fri: 03/22/2019  Chap. 9 and 10 Radiation from oscillating sources #17 |3/27/2019
124 Mon: 03/25/2019 | Chap. 11 ‘Special Theory of Relativity :2;:((: 3/29/2019
125 |Wed: 03/27/2019 |Chap. 11 Special Theory of Relativity #18 [4/01/2019
|26 |Fri: 03/29/2019  Chap. 11 ‘Special Theory of Relativity #19 4/03/2019
127 |Mon: 04/01/2019 | Chap. 14 Radiation from charged particles |#20 4/05/2019
128 |Wed: 04/03/2019 |Chap. 14 ‘Synchrotron radiation
[29][Fri: 04/05/2019 [Chap. 14 'Synchrotron radiation [#21 411012019
130 |Mon: 04/08/2019 Chap. 15 Radiation from collisions of charged particles \@ 4/12/2019
31]Wed: 04/10/2019 |Chap. 13 Cherenkov radiation |
|Special topic: E & M aspects of
32 Fri: 04/12/2018 superconductivity
133 |Mon: 04/15/2019 ‘Special topic: Aspects of optical properties of
materials

34 |Wed: 04/17/2019 |Chap. 1-15 Review

Fri: 04/19/2019  |No class Good Friday
135 |Mon: 04/22/2019 Chap. 1-15 Review
36 \Wed: 04/24/2019 |Chap. 1-15 Review

Fri: 04/26/2019 Presentations |

Mon: 04/29/2019 Presentations Il

\Wed: 05/01/2019 Presentations Ill
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Special topic: Electromagnetic properties of superconductors

Ref:D. Teplitz, editor, Electromagnetism — paths to research,
Plenum Press (1982); Chapter 1 written by Brian Schwartz
and Sonia Frota-Pessoa
History:
1908 H. Kamerlingh Onnes successfully liquified He
1911 H. Kamerlingh Onnes discovered that Hg at 4.2 K
has vanishing resistance
1957 Theory of superconductivity by Bardeen, Cooper,
and Schrieffer L
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Fritz London 1900-1954

Fritz London, one of the most distinguished scientists on the Duke
University faculty, was an internationally recognized theorist in
Chemistry, Physics and the Philosophy of Science. He was born in
Breslau, Germany (now Wroclaw, Poland) in 1900. In 1933 he was

He immigrated to the United States in 1939, and came to

Duke University, first as a Professor of Chemistry. In 1949 he

received a joint appointment in Physics and Chemistry and

became a James B. Duke Professor. In 1953 he became the

5th recipient of the Lorentz medal, awarded by the Royal

v Netherlands Academy of Sciences, and was the first

Fitz London, 1947, photo: Lotie Meiner- - American citizen to receive this honor. He died in Durham
ot in 1954.

https://phy.duke.edu/about/history/historical-faculty/fritz-london
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Some phenomenological theories < 1957 thanks to F. London

Drude model of conductivity in "normal" materials

mazfeEfm; Note: Equations
. eEr areincgs
V() =v,e o Gaussian units.
2,
J =—nev; fort>>r = J:EEEGE
m

London model of conductivity in superconducting materials; 7 — o

mﬂ =—eE
dt

Ak W dv R

dt m dt dt m

From Maxwell's equations:

vxp=47y, LB
c c ot

VxE= _l®

04/12/2019 ¢ at PHY 712 Spring 2019 -- Lecture 32 5

Some phenomenological theories < 1957

London model of conductivity in superconducting materials

a_ ﬂinezE
dt dt m
From Maxwell's equations:
VXB:4—”J+15E VxE:—la—B
c c ot c ot
12
VX(VXB):fsz:“—”VxJ—%E?
c ¢ ot
,B 4z _ ) 10°B
-V —=—Vx—-—
o o o
2 3
_V26£:4ﬂne VxE— 1267]33
ot me ¢ ot
_y? B 7_47znez[37B_LF‘B
ot me* o ¢ or
2 2
Oyl 12 10 with 22 =<
ot AL o 47zne
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London model — continued

London model of conductivity in superconducting materials

al _ o dv _ ne’E
dt dt m

2 2
Yy L 19 g with 22 = "<
ot A, ot 47zne

For slowly varying solution:
Q[VZ—L]B:O for 673:27631()(,2):
ot A ot ot
0B.(x,t) _0B.(0,1)
a o
London leap:  B.(x,t) = B.(0,t)e "

o h

Consistent results for current density:

2
4—”VXJ:7VZB:—%B T=§J,(x) = J,(x)=4 B, (0)e "
. mc

2

L
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London model — continued

2 2 H ~1077
Penetration length for superconductor: 4, = _me _ Typically, 2, ~10"'m

4zne’
B.(x,0)= B.(0,0)¢™"%
. § 4r
Vector potential for B=VxA and V-A=0: Note that: VxB :TJ
A=y4,(x) A4,(0)==4,B.(0)e " a2y svastyoo
c c

2
Recall form for current density: J (x)=4, EB: (0)e™*
me
2
>3+ A=0 or E[mwa] =0
mc m c

A

Y %

X
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Behavior of superconducting material — exclusion of
magnetic field according to the London model
2
mc

Penetration length for superconductor: 1} = 5
4zne

B.(x,t) = B,(0,0)e™""
Vector potential for V-A=0:
A =94 (x) A,(x)=—-2,B.(0)e""
Current density: J, (x)=4, n—esz(O)e""’

mc
:J+L€ZA:O or E(mv+5A) =0
me " ¢ Typically, 4, 107 m

M
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Behavior of magnetic field lines near superconductor

normal  superconducting
state: state:
ST, T,

Figure 18.2 Exclusion of a weak external magnetic field from the interior of a superconductor.
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The Meissner Effect

Magnet
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Liquid Nitrogen
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Need to consider phase equilibria between “normal” and
superconducting state as a function of temperature and
applied magnetic fields.

B=H+4zM
Within the superconductor, if B =0
then H+42zM =0 or M :—E
4z




Magnetization field . . o
Treating London current in terms of corresponding magnetization field M:

B=H+47zM

= Forx>>1,, H=-4zM, M(H):—%
T

Gibbs free energy associated with magnetization for superconductor:
1, 1, -H 1.,
Gy(H,) = Gy(H =0)= [ " dHM (H) = Gy(0)~ [ " dH| == | = G,(0)+ — H
0 0 4 8

This relation is true for an applied field H, < H. when the superconducting and
normal Gibbs free energies are equal:

Gy(H.)=G,(H.)=G(H =0)

Condition at phase boundary between normal and superconducting states:

2

1
G\(HL‘)zG.\’(O):GS(HL‘):GS(0)+§HL At T=0K

= Gy(0)= Gy (0) =——— 112
87

—L(Hé —H}) forH,<H,
Gy(H,)-Gy(H,) = 87
for H, > H.
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Magnetization field (for “type I” superconductor)

B Inside superconductor
H B=0=H+4~M for H<H_
He

47
H
Hc
Gs-G
H
C
H
04/12/2019 PHY 712 Spring 2019 -- Lecture 32 14

Theory of Superconductivity*
J. Baroeew, L. N. Coorrr,t axp J. R. Scuizererf
Department of Plysics, University of Iilinois, Urbana, Ilinois
(Received July 8, 1957)

2
Gy(0) =Gy (0) =~ = = 2N(E, Yhooy'e > 5
VA

characteristic
phonon energy
density of electron
states at E¢
attraction potential
between electron
pairs
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Temperature dependence ot; ritical field

T
H.(T)=H_ (0)| 1- T

¢ From PR 108, 1175 (1957)
Bardeen, Cooper, and
Schrieffer, “Theory of
w0 Superconductivity”

s heo 5n
(r‘)i TC ~ e—}().(EF)V)

Ho |
o 1-(/T) k
a Theory:
R characteristic

phonon énergy

it density of electron

F1G. 2. Ratio of the critical field to its value at T=0°K os
(P Tha wmper et s the 1 (+/T)F Tow of the Gorter, States atEp
Casimir theory and the lower curve is the law predicted by the ¢ .
theory in the weak-coupling limit. Experimental values generally  attraction potential
lie between the two curves. be tween elec tron

pairs °
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Type | elemental superconductors
http://wuphys.wustl.edu/~jss/NewPeriodicTable.pdf
Periodic Table of Superconductivity

(dedicared to the memeory of Bemd Matthins: compiled by James S. Schilling)
[38 elements superconduct at ambient pressure, 23 more superconduct at high pressure.|

S ambicat prossure high pressure £
Superconductor superconductor
Tt (Be o E [N
|0.0002(0.026| )
1|5 ® 0.6
5 | 30 e 250 100
A |SE =V SR L ER (S AT
114
135|173
52| 50 |10
S [ T 3 RS O LT (ol b [ 4 S e B [ E I B Lo 1y
039|538 057 1001
20 106|335 | 165 21 7 11
217 | 10s 380 | 158 51 120 | 100
U S Y T (N5 (Mo [Tc  [Re (KR [P0 (AT Te [T o
05 30[ 950 092 | 77 [051 [00033|
7 |105] 11| we 75 | 12
o |1z 3 | 8 5| 2=
T [B [ (B [Ta W [Ke, [0z & [Fr [Aw I[P L Y
VT 002 [ 35w (0012 e [06ss| 0.1e 13353 s | 71203
o w6 | s ws
12 | 1w & | 5 o1
T w3
Aoy
[fasfCe [Pr [Na [Pm [Sm [Ca |Ga [Th Dy [Fe [Fr [Tm [Vh [Tu |
o0
15|17 275 124
s 142 174
Ao (TR [P (U [Np [Pe [Rm (O R [or e [P [N [
136z 11 |08 07
230 22
P G

M. Debessea, 1. Matsuoka. JJ_ Hanlu, W. Bi Y. Meng. K. Shinmeu, aud J.5. Sclallme. J. Phiys. Coul. Senes 215, 012034 (2010)
Tligh pressure data for Ca and De: K. Shimizy email from 9 Dec 2013,
04/12/2019 PHY 712 Spring 2019 -- Lecture 32 17

Type | superconductors:

T2
#.) = 1o (1~ ;) o)

normal state
p#£0 B=H

Meissner state
p=0B=

T. i

Figure 18.3 Schematic phase diagram illustrating normal and superconducting regions of
type-1 superconductor.

—4rM

(1)

H

Meissner state normal state

Figure 18.4 Magnetization versus applied field for type-1 superconductors.
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Type |l superconductors 47 normal state
p£0B=H

H2(0)]

mixed state
p=0<B>£0

Figure 18.5 Schematic phase diagram illustrating normal, mixed and Meissner regions of a
type-II i vanishingly small resistivity of the mixed flux lines are
“pinned” by appropriate material defects): in the mixed state. {B) denotes the average magnetic
field in the superconductor

!
Hy (1 H(T) H(T) H
Meissner mixed normal
state metal

Figure 18.6 Magnetization versus applied field H for a type-1T superconductor. The equivalent
area construction of the thermodynamic field H(T) is also illustrated.

04/12/2019 PHY 712 Spring 2019 - Lex 32 19

4/11/2019

Quantization of current flux associated with the superconducting
state (Ref: Ashcroft and Mermin, Solid State Physics)

From the London equations for the interior of the superconductor:

(mv+EAJ =0
¢

Now suppose that the current carrier is a pair of electrons characterized

by a wavefunction of the form  y =|y|e”

The quantum mechanical current associated with the electron pair is

ho o 28
%(W Vy -y ) === Aly[
mi mc

:,[@V¢+£A]‘W
m me

j:_

2
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Quantization of current flux associated with the superconducting
state -- continued

Suppose a superconducting material has a
cylindrical void. Evaluate the integral of the current
in a closed path within the superconductor
containing the void.

2
@j-dl:oz—@[ﬂvwzizx]\wf -dl
m mc
(f)A “dl= I(V xA)-da= IB da=® magnetic flux
q.)Vqﬁ -dl=27n for some integer n
= Quantization of flux in the void: ‘CD‘ = n? =nd,
e

Such “vortex” fields can exist within type |l superconductors.
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Table18.1 C: and

field. For clemental materials, the thermodynamic critical field H(0) is given in gauss. For the
compounds, which are type-11 superconductors, the upper critical field Hea(0) is given in Tesla
(1T = 10 G). The data for metallic clements and binary compounds of V and Nb are taken
from G. Bums (1992). The data for MgB; and iron prictide are taken from the references cited
in the text, and refer to the two principal crystallographic axes. The data for the other compounds
are taken from D. R. Harshman and A. P. Mills, Phys. Rev. B 45, 10634 (1992)]. A more extensive
list of data can be found in the mentioned references.

4/11/2019

Metallic elements TAK) H,(0) (gauss)
Al 117 105
Sn an 305
Pb 7.19 803
Hg 4.15 411
Nb 925 2060
v 540 1410
T(K) H(0) (Tesla)
165 27
17.1
203
233
40
Other compounds To(K)
UPty (heavy fermion) 0.53
PbMogSg (Chevrel phase) 12
k—[BEDT—TTF],Cu[NCS], (organic phas) 105
Rb,CsCep (fullerene) 313
NdFeAsOq 7Fo 3 (iron pnictide) a
Cuprate oxides T(K) H(0) (Tesla)
Lay_,Sr,CuOy (x = 0.15) 38 ~45
YBayCu30; %2 ~140
BisSryCaCuyOg 89 ~107
ThBaxCaxCuzO1p 125 =75
04/12/2019 PHY 712 2
Crystal structure of one of the high temperature
superconductors
Figure 18.1 Crystal structure of the ceramic material LayCuO4. Appropriately doped,
lanthanum-based cuprates opened the path to high-T;. superconductivity in 1986.
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Some details of single vortex in type Il superconductor
London equation without vortices:
4r 1 mc*
—VxJ=-V'B= B where 4j=——
A 4rne’
Equation for field with single quantum of vortex along z - axis:
1 @, . he PO
VB-—B =-—2745(r) PO, =— r=xX+yy
L A 2e
. D r
Solution:  B(r)=2—2-K,| —
27 A
Check:
d 1d 1 r
For r>0 |—5+——-—|K,| —[=0
dr* rdr A A
[ d 1d 1 r
For r—0 ZﬁIdV' r\—5+——-— K| — |=27
v dr’ rdr A, A
Since K, (1) ~ —Inu
u=>0
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D, r Scanning probe images of
BRI [4] vortices in YBCO at 22 K
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Fast scan direction —

Fundamental studies of superconductors
using sc i tic i i

R Kirtley
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