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Superconductivity

Basics




Superconductivity
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Superconductivity as a thermodynamic phase
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Superconductivity as a thermodynamic phase

normal superconducting H T 2nd order
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Screening effect - London theory (19395)

London Theory

® normal 1y, and superfluid 725 electron density
Ng + Nyy, = N
® superfluid electrons: ideal incompressible fluid

velocity field: Us(7t) with V.7, (7, ¢) = 0

—

dissipationless supercurrent:  j(7,t) = ngev, (7, t)

o vortexfield W(F,t) =V x ¥,(F,t) + %B’(F, )

condition (postulate):  W(7,t) = 0

everywhere and at all times inside the superconductor




Screening effect - London theory (1935)

London postulate

\

Vx(VxB) =-V2B
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Screening effect - London theory (1935)

Magnetic field penetration in superconductor

- diB; . 3 A B,
in superconductor e =)\"2B,
vacuum superconductor
B,(z) = Bz(o)e_m/A |
0 A X
/ ]
London equation
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Screening effect - London theory (1935)

Proca equation (massive photons)

—

A, = (Ap, A) staticand Ap =0

T % o Y 2 o s
() ame () o
Lorentz gauge BMAH =0 \va A’ =T

London equation

VZB’ _ )\—ZB’ with  \~2 —

4 6272,3 London
penetration depth

mce2

—
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Phenomenological theory
of the Superconducting phase

Ginzburg-Landau Theory




Spontaneous Symmetry breaking

Landau theory of 2"d order phase transitions

concept of spontaneous symmetry breaking

low-temperature phase

TC high-temperature phase T
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Spontaneous Symmetry breaking

Landau theory of 2"d order phase transitions

concept of order parameter

low-temperature phase TC high-temperature phase T
® >
Order parameter 1 # () n=20
Example: structural transition Landau free energy expansion
| F(T;n) =d' (T — T,)n?* + bn*
natural f““l" (T5m) ( e L
order parameter a1 = Oi 5 0 s, I
I minimization = /
7] = Gz — Gy _.'_5;_!‘- AFE ! { - (%b_T) <7,
Ay + Ay

n4
e\ i —
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Spontaneous Symmetry breaking

Landau theory of 2"d order phase transitions

concept of order parameter

low-temperature phase TC high-temperature phase T
® >
Order parameter 1 # () n=20
Example: structural transition Landau free energy expansion
| F(T;n) =d' (T — T,)n?* + bn*
natural f““l" (T5m) ( e L
order parameter a1 = Oi 5 0 s, I
I minimization = /
n= Az — Qy _,__a___lb_- .\ F n { a (,lj‘ZCb_T) T<T.
Qo + aﬂy 77 A
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Spontaneous Symmetry breaking

construction of the Landau free energy:

F(T;n) scalarunder @

{E,CQ,O'.,,,O';}
N |
i > T1]

{04: Cg: Jd, Utli}

invariants

nN— =1

Example: structural transition

natural f““l"
order parameter  a,!n =0
|
77 — a:m - ay _I,__a_x__ |
Ay + Ay
| |

W 5 A S
domains o=l & B>1
bt T

F(T;n)=a (T —T)n*+bn*+---
g:C4'v

sign change at T,

Landau free energy expansion

F(T;n) =d (T — T.)n* + bn*

minimization 2 _ { 0 L>de
s - R (= B Y ]
n4
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>
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Superconductivity: spontaneously broken symmetry

Ginzburg-Landau theory (1950): 2" order phase transition at T,
order parameter: P(r) = |1Ab(f’)|‘3z¢(f‘j

macroscopic wave function Ng = 2|’(p(f") |2 density of superfluid electrons

symmetry aspects:

’QD(’F) scalar under (orbital/spin) rotations vector potential

charged particles: lb(?_") = lb(f")eizexm/hc f‘—f(f") - /T(’F) + 6X(F)
U(1) gauge transformation

scalar free energy functional:

FIT:, A = /d3'r

afy[? + byl + - |( v —A) y




Superconductivity: spontaneously broken symmetry

Ginzf

Invariance of gradient term: local U(7) gauge transformation

~
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Superconductivity: spontaneously broken symmetry
Ve 2
Gin :

Invariance of gradient term: time reversal K

0 K o =
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Superconductivity: spontaneously broken symmetry

Ginzburg-Landau free energy functional

2 (Vx A)?
_+..
81

FIT A = [ dr [a|¢|2 4Ol + - \( ¥ - —A) 7

—

equilibrium state: variational minimization with respect to T,D and A
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Order parameter - spontaneous symmetry breaking

oF 1 (h= 2
= = 2 s — —A
0= o = v+ vl - 4m{ ho -2 }¢
uniform phase |?,D0|2 2ab (T;b_ T) T< T,

spontaneous symmetry breaking Q,bo |’(,b0 |€
U(1) gauge symmetry




Order parameter - spontaneous symmetry breaking

oF 1 (h= 2
= = 2 s — —A
0= o = v+ vl - 4m{ ho -2 }¢
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Order parameter - spontaneous symmetry breaking

OF 1 (A= 2
S 2 s _ —A
0= o = v+ vl - 4m{ ho -2 }«p
uniform phase I?/Jo|2 2ab (T;b— T) T'< T,

spontaneous symmetry breaking ’wo |’¢0 |6
U(1) gauge symmetry

Stiffness: characteristic length scale

2 ) .2e |¢|2
¥ §{V "he }¢ ¢|¢0|2_

h2 1/2
coherence length & = {—}
(healing length) dma




Vector potential - electromagnetic response

0= = Lox@xd-go {vr (39- L)y (-59-24) v}

0A 47 2mc ( C
Maxwell equation supercurrent
5 dAgs 5 Bl s s Tl s e
UxB=""7 mmb F= - {yVy— gV | - |ylPA
c mi mc

rigid order parameter (uniform)

2
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mc mc
- ~ London equation
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massive photons

Anderson-Higgs mechanism
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Vector potential - electromagnetic response

0=5 — Lox@xdy-p= fur (39-2A)p o (-19-24) v}
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Maxwell equation supercurrent
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flux quantization
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Macroscopic quantum coherence

Josephson effect (1962): tunneling between two superconductors

A B
- h
=g {90 990}
| mi
ba = [Pole?®s VB = |thole"?? 1
discrete current expression (d effective distance)
. eh « x
J= 5 (Ya +¥B)(Wa —¥B) — (Y4 — ¥p)(Wa +¥B)}

h
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Y

.7c Josephson critical current



Macroscopic quantum coherence

Josephson effect (1962): tunneling between two superconductors

A B

Ya = Iole’®s ¥p = ol

Aharonov-Bohm effect: SQUID
Apy = ¢ — 7r<I>/<I>0

junction 1

. = [ =1+ I, =1,{sin Ap; + sin A¢}
e

I =2I.sin¢pcosm®/P

Jtot) Interference pattern

_________________ - Superconducting QUantum Interference Device
[} [}

junction 2 12
A¢2 . Qb G B Wq)/(I)O

Icl = Ic2 = Ic

/%0 [0 (D) = 21, |cos D/ D
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Macroscopic quantum coherence

Josephson effect (1962): tunneling between two superconductors

A B
Y Vg
= |iholei®a Vg = |ole"?"

,Bernoulli“ equation (London)
ov, B
"= VE24+-_F =

ot

_s
2 m

voltage drop over a junction

o (64— 5)=w= "V

s

Jc Sin(¢A — ¢B)

%:_ mc 72
ot An2e2”®

ac-Josephson effect

= J(t) = J.sin(wt)



Vortices and vortex lattice

type | superconductor type Il superconductor

ME<1/V2 H A NE>1/V2

mixed phase
Hc1

Meissner phase

Meissner phase

Mixed phase: Abrikosov vortex lattice (1957)

vortex: line singularity with phase winding _ _ _
e i (7) Qb repulsive flux lines form lattice
circular g
currents »(r) = |tbole broken translational symmetry

1
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Vortices and vortex lattice

type | superconductor type Il superconductor

ME<1/V2 H A NE>1/V2

mixed phase
Hc1

Meissner phase

Meissner phase

Mixed phase: Abrikosov vortex lattice (1957)

vortex: line singularity with phase winding _ _ _
e i (7) Q5 repulsive flux lines form lattice
circular g
currents »(r) = |tbole broken translational symmetry

1
I
. l s =
e .' Srse.
J o vortex gtructure stable lattice Lo eeat e et
:' trian
N -~ ] Vortex matter
1 .
image
’n s b B Scagni Blatter et al, Rev. Mod. Phys. 1994
line 1 0 : Q : > Tunneling o
singularity -— X Microscope
= flux line A Hess et al. (1989)




Vortices and vortex lattice

Levitation not due to Meissner-Ochsenfeld effect!

vortices

/ strongly
pinned

rather unstable
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Vortices and vortex lattice

Levitation not due to Meissner-Ochsenfeld effect!
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Bardeen-Cooper-Schrieffer

Microscopic theory of superconductivity




Mircroscopic basis for GL order parameter

Bardeen-Cooper-Schrieffer (1957) microscopic understanding

| E T) formation of Cooper pairs due to attractive interaction
\ total momentum P, = 0
L ==> vanishing rel. angular momentum L = 0
|—k 1) total spin, spin singlet S, = 0

Many-body state: coherent state of Cooper pairs

BCS-variational state:  |W) = H {fu,,-c» + v,-c»c;r.c.TcT_El} lvac)

|k|<kF

i i o = - O — ] 7)) order parameter”
pair wave function Vg (\£l|c_klckT |U) =upvy - P
N+2

U(1) gauge transformation ¢, — cE83i6X/ﬁc = Uy \Il;;eizexmc

A— A+ Vy



Pairing interaction

Cooper pair formation (bound state of 2 electrons) needs attractive interaction

N\
pazr T QQ Z ZVE k i C—E’,s’cl—c”,s N\ k

k’ SS’

electron phonon interaction: electrons polarize their environment
®---@--- -9 --@---9 -9 renormalized Coulomb interaction

T SR S S G

L : G O e 2 2
FRIP U G GO = S dre _ 4re
e [ VseE e = ViR T G
O----0---- ({r---u-'"cl}" '{i)“"{_') q q €(q,w)




BCS mean field theory

- . = wol o £ ol g
simple model:  H = kaczscks +9 ) Cr1Cl i C=F1CRn

E,s E,fc"
— ~ J ¥ — -
band energy pairing interaction
c=€x—p=—(k>—k;
¥ ETH 2m( 7)
U( . _,) =g 5(3)( e f‘") attractive contact

Interaction g <0

consider only scattering between zero-momentum
electron pairs of opposite spin (spin singlet)



BCS mean field theory
simple model: H = Z{ECESCES + g Z C%TCT_ElC_g,ng,T
ks k,k!

many-body problem treated by mean field theory:

decoupling of interaction term

mean fields: Pg = Z(C%_I_q.scgs) particle density (Hartree-Fock)
ks

2 g T = . .
S q — Z Z<CES g ss’CEsl> spin density (Hartree-Fock)
k S8

) by = <C_E101}’T> BCS - “off diagonal”



BCS mean field theory

simple model: H = Z{kck Cks—l—gZC TC_MC i1Ckn
k,s kK

replace C%ch_m =b% + {c%ch_El —b%}  c_gierr =bg +{c_gcpr — bz}

mean field Hamiltonian:

Z&k - Crot 9 Z{b* L e kickT'I'bk'ckT _kl—b* bz}
iR

s f
=Y &pck cq, - > {A%c_g, cgr+ Ack ol o — A%}
ks k

with —gak,, A=—g) bg
L’



BCS mean field theory

sz s Cis 19 Z{b* S C klckT'I'bk'ckT _kl—b* b}

K,k
* *
= ngckscks Z{A €. lekT+AckT ;A bz }
k,s
find quasiparticle states with 2"=z‘[7-t L= Ez4!
quasiparticle states wi 5 TR mfs Vg iz
* T
Bogolyubov- Cgr T URYEL T VRV 2 2 _
R Pl e k3 up|®+lvgl" =1
transformation C_ gl VeTE1 T UEY g,

m==)  quasiparticle energy Ep = \/§% + A?

= M=~ Ep +8bg]+ 3 Er(Vh, e + 7k Te)
k k



Quasiparticle Spectrum

H = Z[{g —Ez + /—\b;;;] + ZEE‘ (’Y%l’)’fél + ’722722)
k k

EE = \/6% + A2 E 4 hole-like electron-like
quasiparticle excitation gap: A .
k
condensation energy gain due to gap
electron-like hole-like
Self-consistence equation: A =—g) bp=—g> urvp[l— f(Ep)]
Fermi distribution function ¢ ;
A E
| — k
_ = tanh ( £ )
f(E) - 1 -I—eE/kBT gzz: 2E,—5 an kBT

solution only forg <0 attractive



Quasiparticle Spectrum

H=>[6x — Ex + Bbgl+ 2 Ex (v, Vi1 + 75, 752)
k k

EE — \/gzk' + A2 E 4 hole-like electron-like
quasiparticle excitation gap: A .
k
electron-like hole-like
condensation energy at T=0:

E__=E-E 1 weak-
cond s Tn Eeona =Y [£z — Ez + Abz] = —=N(0)|A[? coupling
energy gain due to gap i 2 regime

depends on density of states at the Fermi surface and the gap magnitude



Summary

spontaneous symmetry breaking

order parameter
macroscopic wave function

1

7

Y win [P =ne/2 N

violating U(7) gauge symmetry

-

\

|-k )

Cooper pairing of electrons

P
CV W= (le_g oz [P

quasiparticle gap
By = \/gg. + A2

Bardeen-Cooper-Schrieffer

~

/

\
Anderson-Higgs mechanism
VA=224A="T""2]
mc

London equation
Meissner-Ochsenfeld screening

- /
4 Flux quantization A

¥() = [Y(7)]eO

P =Pyn = h—cn
2e

persistent current
- /
4 I

Macroscopic coherence
J = Jsin(¢p — ¢a)
0 2e
E(fﬁB —¢a) = Vv

Josephson effect
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Mechanisms of pairing

conventional Cooper pairing

BCS theory

attractive interaction by
electron-phonon interaction

"contact interaction”

¢

angular momentum

[ =0

spin singlet

longer-ranged interactions

unconventional Cooper pairing

spin polarizable near
magnetic instability

Kohn & Luttinger: pairing due to repulsive interaction
(Friedel oscillations)
Berk & Schrieffer: pairing mediated by spin fluctuations

o

O

®

\
\@
\

@

@

\
o\

strongly electron correlation: dominating Coulomb repulsion ("contact interaction")

m==) | =() channel handicaped == / >0 avoiding Coulomb repulsion

e
MééTé
ARAEARE
bl gy L




Magnetic mechanism !?
Heavy Fermion superconductors:

High-temperature superconductors
Celn,

Layered perovskite copper-oxides Mathur et al. (1998)

Muller & Bednorz (1986)

temperature (K)

Laz_xs I'XCUO4 TC=45K
Y882CU3O6+6 TC=92K

10 Fermi liquid

antiferromagneti superconductivity
' anse) 10 x Tc

A
Quantum {esgure (kbar)

Critical point Thompson et al. (2001)

50

401 CeRhl
30L o) TMax © Ig

201

<t
~L. T, CeRhln, -
3 |
2
1
0

AF ~— PM
‘E»“Mj-r\\
-

0 05 10 15/20 25 30




Generalization of Cooper pairing

generalized BCS coherent state:

|U) = H Z {ul—éss, - vgss,c;%sc_gs,} lvac)

|kl<kr %'

— <\II|C—ES’CES|\II>

pair wave function: v /
kss

Symmetry of pairs of identical electrons: W , = g(E) Y ss’

_ _ _ ort;ital spvin
wave function totally antisymmetric

under particle exchange even parity L=0,24,..., S=0 singlet

@I;s even odd
I B.,=0
g bot L=135.. S=1

odd parity
. odd even

triplet

k— -k §<> 5




Key Symmetries Anderson’s Theorems (1959,1984)

Cooper pairs with total momentum P, =0 form from degenerate
quasiparticle states. How to guarantee degenerate partners?

® Spin singlet pairing: time reversal symmetry
k1) = TlkT)=[-kl) == €k =€

harmful: magnetic impurities, ferromagnetism,
Zeemann fields (paramagnetic limiting)

-

® Spin triplet pairing: time reversal & inversion symmetry
(k) =|-k1)
ET) — < TN =|-k]|) =
| TTk 1) = |k 1)

|

lm

&
—

El—c'T

I

lt‘h
&
—

|

M
o
(—

harmful:  crystal structure without inversion center




Paramag netic Iimiting: lack of time reversal symmetry

Zeeman splitting of Fermi surfaces exceeds the gap magnitude

mmsd  No singlet pairing possible ~ *F A CeCOIIn
Paramagnetic 9‘\5' e : “PtP erI field
g — "o critical fie
suppression = |0 . _H
" L - y ! L 2
! ugH >A  1storder transion = | |° _—_ . ] ‘
sl 11 __>FFLO iiI @ G 0. |
modulated Fulde-Ferrel- j g .
Larkin-Ovchinikov phase ——(~ ® %% %4 9° L
0

T(K) Radgvan etal.

Antisymmetric spin-orbit coupling:  lack of inversion symmetry

Crystal structure without Cb) m})
an inversion center "
C
Lb
a

e.g. CePt;Si

no mirror plane for z — -z
Bauer et al.



Generalized Cooper pairing

Symmetry aspects for the pair wave function Wz , = <\Il|c_ES,cES|\I/>

==> many different order parameters of superconductivity

Example lattice distortion: Classification by
irreducible representations

ot deformation - strain point group C4v

e 7 _Lj____j, €B, = €xz — €yy T Epv

|

i____i_ Aq €Exx T Eyy

AR N ,#/ Ao none
// jfi €B; = €xy B €Exx — €yy

7‘/// / B- €zxy

_ 1 (0u; Ouy
strain ~ €w =5 | 5t 5
v I

displacement field  (7)




Generalized Cooper pairing

Symmetry aspects for the pair wave function Wz , = <\Il|c_ES,CES|\I/>

==> many different order parameters of superconductivity

Example lattice distortion: Classification by
irreducible representations

_+______|+_- deformation - strain point group C4v
«—>
T o4 €B; = €zz — €yy T €
e v
ran RS
i | Aq €Exx T Eyy
T —

| - A
\ 4///4 2 none

Iy specific critical temperature B, €xz — €yy

I = for each representation
— /

' B, €y

order parameter Landau free energy\/\

A
€ = ) _Mrner, = F =3 {a (T —To(Tn))nE, +bunh }+---
s r.




Generalized Ginzburg-Landau theory

order parameters belong to irreducible representations
of the normal state symmetry group

basis set of irreducible
Y = Z 777% {1, 2, .. .} representation T°

yEL

Landau'’s recipe:

T~  transform according to I'

formulate a free energy functional as a scalar function of 77~

Fln,]= [ radm,[ + Db, 10,0,

my,...my

+ > Ky (Do) (Do, )+ é(ﬁ x ?1)2]

my,my ny,n,

invariant under all symmetry operations of rotations, time reversal and U(1)-gauge

a=a(T-T), b,.K,,,,, realconstants, D=V — igﬁ gauge-invariant gradient
hic



Generalized Cooper pairing

Parametrization of pair wave function \IIESS/ — <\I/|C_ES/CES|\I}>

even parity, spin singlet: U

Col

_ 0 fO(E) _ za,y 7
: ( o) 0 ) ~

scalar wave function  fo (k) wit Fo(=k) = fo(k) even

odd parity, spin triplet: - = ( —fa iy g ) = zf’(_’) . 56Y
* 12 fa +ify

-

vector wave function  f (E) with  f (—IZ) =—f (I;;') odd



Pressure (MPa)

He - strongly correlated Fermi liquid

Superfluidity:

Lee, Osheroff & Richardson (1971)
4

Solid

w

Superfluid A phase

Superfluid B phase

Normal fluid

0 1 2
Temperature (mK)

Cooper pairing:
odd parity spin triplet

£=1 S=1
p-wave

Pair wavefunction:

v. [ —FE+ify(k)  fu(b)

i ad fa(k) fa(k) +ify (k)

4 )
A-phase
F(k) = 3(ky £ iky) @
B-phase
fk) = &ky + gy + 2k,

- /




Symmetry operations .
spin rotation gauge

Symmetries of normal phase: § = GO X GG g X K xU (1)

orbital rotation time reversal

symmetry operation
orbital rotation gc;r-c.s = CTROE,s Ro orbital rotation
spin rotation gc;[c.s = Z Dssfc;f_c.s, f) _ e,ig’_ - /2

o
time reversal K c;fc.s = Z(—i&y)sszc_,;s,

o/
U(1) gauge (i)CI-c.s — 6i¢6£.8 vector potential A= A- %ﬁﬁﬁ

presence of strong spin-orbit coupling —> spin and lattice rotation go together



Symmetry operations

Symmetries of normal phase: § = GO X GG g X K xU (1)

spin rotation gauge

orbital rotation time reversal
symmetry operation spin singlet spin triplet
orbital rotation gofo(k) fO(R IZ) gof(E) = f’(ROI?E)
spin rotation gst(E) fO ) gsf(];) - Rsf(];)
Kfo®) = fo®By | KI(R) = f(RY
U(1) gauge b fo(k) = fo(k)el® | &f(k) = f(E)e'
presence of strong spin-orbit coupling —> spin and lattice rotation go together

spin triplet: gf(E) — Rsf(RoE) identical 3D rotations { {zo
R,



Symmetry operations

Symmetries of normal phase: § = GO X GG g X K xU (1)

spin rotation gauge

orbital rotation

time reversal

symmetry operation spin singlet spin triplet
orbital rotation Gofo(B) = fo(Rok) | gof(k) = F(R.E)
spin rotation gsfo(k) = fo(k) | 9.F(k) = R,f(F)
e | KflB) = fofy | K = IR

1 &%
Vo N
e’
|
1] %
N’
I

U(1) gauge

HH>
~
~

oy}
e

|
~
Ve
oy
o
®
-
©-

Possible broken symmetries:

U(1)-gauge
orbital rotation
spin rotation
time reversal

<

superconductivity
crystal structure
magnetism
magnetism




Specific example:

Superconductor with
tetragonal crystal structure




Tetragonal crystal with spin orbit coupling

4 one-dim., 1 two-dim. representation

Point group: D,

Character table for D,

r{e ¢ 2, 20, 20

=N A | 1 1 1 1 1

A, | 1 1 1 -1 -1

B, | 1 1 -1 1 -1
D, contains inversion

B, | 1 1 -1 -1 1

==) even and odd
representations E 2 -2 0 0 0




Tetragonal crystal with spin orbit coupling

. _ 4 one-dim., 1 two-dim. representation
Point group: D, even (g) / odd (u) parity
r fo(k) r f(k)

Ay 1 A, xk, + yk,

AZQ kxky (kf - kyz) A2u j}kx - )%ky

Big k; -k By, xk, =y k,

By, k.k, B,, vk, + Xk

E, {kk ke k. } E, | {zk.2k)}  {3k.9%}

Conventional: A, Unconventional: everything else

only one representation is relevant for the superconducting phase transition



Ginzburg-Landau free energy functionals

— — e I

1-dimensional representations:  fo(k) = nfo (k) - f(k) = nfy(k)

— l = = like
_ 3 2 4 g , 1 2
Fln, A = /d r [alnl +blnl* + K|Dnl” + 87 TR ] conventional SC
h > 2T o

2-dimensional represenations: fo = Nz foz + Ny foy ,f = nmf; i3 'r)yf;

F[i, A] /d3 [aIﬁP + by |7* LB {?7;'32772 +mams? ) + bs|ne |2y |?
+K1 {|Denz|® + |Dyny|?} + Kz {|Dany|? + | Dyne|* }
+ {K3(Dw77w)*(Dy77y) + K4(Dm77y)*(Dy77x) =+ C-C-}

+Ks {|Domaf? + | Dany 2} + £(V x AP?]



Possible superconducting phases

Higher-dimensional order parameters are interesting 7 = (1=, 7y)

—

, ba g y
Fli, A = [ d°r lalnl2 + bl + 5 {7y + i)+ bslnxlzlnylzl

=. =

A phase fo(k) f(k) broken symmetry

b,/b, 1,

A | (ke tik)k, 2(k, +ik,) UQ),K

C ka;kz, kykz 2k3:, 2ky U(l), D4h — Dgh

K — Mmagnetism

D, — D, — crystal deformation

Degeneracy: 2
domain formation possible



Phases X

“axial symmetric” -\
A-phase:  fo(K) = nk.(ks + iky) , nka(kz — iky) )

\/

time reversal

B-phase:  fo(k) = nk, (ks + ky) , nky (kg — ky)

G 7

C-phase: fO(’z) = nk; ks , Nk ky
W

“Weak-coupling argument”

less nodes — more stable mm)  A-phase more stable than B/C-phase



Anisotropy

B- and C-phase violated crystal symmetry: tetragonal —> orthorhombic

==) spontaneous crystal deformation Tiny !

oF

Diamagnetic screening:  supercurrents j = —ca—A.

j, =8meil Km.Dm, + K;n;Dn, + K,:Dn, + KD, —cc|
Jy = 8nei[Kln;Dyny + KzniDynx +K 417;Dx17x +K 577li% - cc.]

jx = 8”61K3{77zDz77x + TI:DzT’y - CC'}

tensorial London equation: V2 B = /A\ B Important for vortex lattice structure!
A A2 0 0 A2 A0 X200
Aa=] 0 Xx? 0 Ag=[ X2 x2 o | Ae=[ 0 X7 0
0 0 X2 0 0 A2 0 0 X2
— 7

——

tetragonal orthorhombic



