11/20/2015

PHY 752 Solid State Physics
11-11:50 AM MWF Olin 103

Plan for Lecture 35

Superconductivity
(Chap. 18 in GGGPP)

1. Phenomenological aspects

2. London model

Some slides contain materials from GGGPP text.
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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 °

tercury
superconducting
transition
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Fritz London
Poland

Born in 1500 in Brasiau today Wroclaw in Paland), Frilz Landan studed
philosophy before choosing scence. After geming a PhD in Munich in 1621
e undarsicod what bonds twa hydiogen atams = @ HZ mokcula. This work
e did with Waller Heitler in Zimich wis the starling point for the
undnrstareing of chamical bonding. Then b joined Enwin Schiodingar i
Berlin bul had to leave in 1833 bacausa of the e of and-Semilism in Nazi
Garmany Aftar a stay i Cadord whars o worked on suparconductivity wih
Nis brofher Hainz, he sought refuge at e Instiul Hend Poincard (Pais)in
1636, thanks 1o a group of mballociuats inked ta e Popular Front (Jacquas
Hadamard, Paul Langevin, Jean Pemin, Frédénc Joliot and Edmond Bauer)

i 15 @ tha e, in 1838, 1hat he expianed that the 5
hafium was & maniestation of Gose-Einssan o
quantum phencmenon that could be seen for the fist ime an a macroscop: scale. This work folowsd &
sanes of antices about superconduciaty that could finaty be understood as a supariukiity of charged
marticlas (slociion pars in the case of superconducting matats)

i i

Al the begrining of Workd War 1 (Seplember 1938 he lefl Francs snd jrened Duke Universtly (USA)
wharg Paul Gross had offered hem a professarship m the Chemesiry Depariment and where he falt mara
comiuriabie with hes wile, the parler Edith London. Einstesn wanted the Nabel Prze fo be awarded 1o Frite
London, bul Lordon died prematursh n 1354
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Some phenomenological theories < 1957

Drude model of conductivity in "normal" materials

mﬂ:—eE—mX
dt T
v(t)=ve " _cEr
J=—nev fort>>17 J="TE=0E
m

London model of conductivity in superconducting materials

mﬁ =-cE
dt

d_ B AN dv ncE

dt m dt dt

From Maxwell's equations:

vxB=2Zy, LE
c cot

VxE= liﬁ
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Some phenomenological theories < 1957
London model of conductivity in superconducting materials
) dv _ ne’E

@ a T,
From Maxwell's equations:
yxp=y L& yxE=_1%B
c c ot c ot
12
VX(VXB):—VIB:“—”VXJflza—]?
c ¢ ot
B 4z, A 10B
o ¢ o o
2 3
v ('9TBZ4Ime VxE— 12(3:7]33
ot me ¢ ot

2
. me
with 4, =
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London model — continued

London model of conductivity in superconducting materials

ay eﬂinezE
dt . m

2 2
Oy L 19 g with 42 ="
ot A, o Tne”

For slowly varying solution:

Q[Vz— 1 ]B:O for Q:iioB:(x,t):

ot 2 ot ot
N 0B.(x,1) _ 0B.(0,1)

ot ot
London leap:  B_(x,7) = B.(0,)e ™"

e ¥

Consistent results for current density:
4r

c

Vxd=-V'B=——LB IJ=3J,(x) = J,()=4, 5B (0)en
2, me

L
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London model — continued

mc”

Penetration length for superconductor: 4] = 5
4zne”

B.(x,t)=B.(0,1)e "
Vector potential for V-A=0:
A=§4,() 4,(x)==2,B,(0)e ™"

Recall form for current density: J (x)=4, n—gB: (0ye™*
mc

SJ3+2A=0 or E(mv-*—EA] =0
me m c

M
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Behavior of magnetic field lines near superconductor

normal  superconducting
state: state:
T, ret,

Figure 182 Exclusion of a weak external magnetic field from the interior of a superconductor.
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Magnetization field
Treating London current in terms of corresponding magnetization field M:
B=H +4zM
= Forx>>/,, H=—4zM
Gibbs free energy associated with magnetization for superconductor:

f 1
Gy(H,) = Gy (H = 0)~ [ dHM (H) = Gy (0) + —— H?
0 87
Gibbs free energy associated with magnetization for normal conductor:

Gy(H,) =G\ (H=0)
Condition at phase boundary between normal and superconducting states:

Gy (Ho) = Gy(0) = Gy(H,) = Gy (0) + 2
87

1
= Gy(0)- G, (0)=——H}
87

1 2 2
—-—I|\H.-H, forH <H,
G, Gy 11, = | g 1EH2) TorH <H
0 forH, > H.
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Magnetization field (for “type I” superconductor)

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

B.(x,t) = B.(0,0)e”™""

Vector potential for V-A=0:

A =34, (x) A, (x)=—2,B.(0)e™"*
2

Current density: J,(x) = 4, =B, (0)e ™
mc

2
SJ+2A=0 or E(mv+5Aj =0
me " ¢ Typically, 4, 107 m

M
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Temperature dependence of2 ritical field

H.(T)~H(0)| 1- %
¢ From PR 108, 1175 (1957)

Bardeen, Cooper, and
Schrieffer, “Theory of
w0 Superconductivity”
ho _
®F T ~ e Y WE)
Hy 6} N c k
o 1=(T/T))
af Theory:
R characteristic
A S phonon,energy
o ) 2 3 .4 5 .6 £ 8 .9 10
Rt density of electron

F1G. 2. Ratio of the critical field to its value at T=0°K os
P Tha tmper et s the 1 (/T8 Tow of the Gortere States atEe
Casimir theory and the lower curve is the law predicted by the 4 )
theory in the weak-coupling limit. Experimental values generally  a@ttraction potential

lie bet the t .
1o between the fwo curves between electron
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Type | superconductors:

normal state
p#£0 B=H

72 “
am=t0(-5) 4,

Meissner state
o =0

T. T

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.

11/19/2015 PHY 752 Fall 2015 — Lecture 35

11/20/2015

Type Il superconductors

H

H(T) He(T)
Meissner mixed normal
state 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.
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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
c

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

eh . o 28 P
L (v %A
! 2mi(y/ VoY ) mc ‘V/‘
2
:*[@V(I’*ziAj‘V/‘z
m mc
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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.

. eh 2% 2
$i-dl=0=—f| =Vg+=—A|ly[ -a
m me
(ﬁA “dl= J-(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 Il superconductors.
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Table18.1 C i 20
field. For elemental materials, the thermodynamic critical field H.(0) is given in gauss. For the
‘compounds, which are type-1I superconductors, the upper critical field Hc2(0) is given in Tesla
(1T = 10* G). The data for metallic elements and binary compounds of V and Nb are taken
from G. Burns (1992). The data for MgB, and iron pnictide are taken from the references cited
in the text, and refer principal g es. 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.

Metallic elements Te(K) He(0) (gauss)
117
Sn ERE) 305
Pb 7.19 803
He 415 a1l
Nb 925 2060
v 540 1410
Te(K) Ho(0) (Tesla)
165 27
171
203
233
40
Other compounds Te(K)
UPts (heavy fermion) 053
PbMogSg (Chevrel phase) 2
«~[BEDT—TTF,Cu[NCS], (organic phasc) 105
Rb,CsCp (fullerene) 313
NdFeAsOg.7Fo.3 (iron pnictide) 47
Cuprate oxides Te(K)
Lay_,St,Cu0; (x ~ 0.15) 38
92
89
125
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Crystal structure of one of the high temperature
superconductors

Figure 18.1 Crystal structure of the ceramic material LayCuOj. Appropriately doped,
lanthanum-based cuprates opened the path to high-T; superconductivity in 1986.
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The Meissner Effect

Magnet
Superconductor

. =

Foam Container
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Liquid Nitrogen




