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_Heit 44 ] Kurze Originalmitteilungen. 1933 i
§+ IL. 1933,

Ein neuer Effekt|bei Eintritt der Supraleitiihigkeit,

Bringt man einen zylindrischen Supraleiter, z. B. Blei
oder Zinn, oberhalb seines Sprungpunktes in ein senkrecht
zu seiner Achse gerichietes homogenes Magnetfeld, so gehen
die Kraftlinien wegen der sebhr geringen Suszeptibilitit de
Supraleiter (Zinn ist schwach paramagnetisch, Blei diama-
gnetisch) fast ungehindert durch sie hindurch. Nach den
(bisherigen Anschauungen war zu erwarten) dal die Kraft-
linienverteilungunveranderf bleibl) wenn man die Tempera-
tur, ohne an dem auberen Magnetfeld etwas zu dndern, bis
unter den Sprungpunkt erniedrigt. Unsere Versuche an
Zinn und Blei habenfim Gegensatz hierzu folzendes ergebe

1. Beim Unterschreiten des Sprungpunktes()andert sach
die Krafthnienveriellung in der dulleren Umgebung de
Supraleiter{und wird nahezu so, wie es bei der Permeabilitiit

o, also der diamagnetischen Suszeptibllitﬁtdes mupra-
leiters zu erwarten _wé'tre, -
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(1) Law of inertia

(2) Faraday’s law
(3) Law of momentum conservation

(4) Laws of thermodynamics

Correspondence
Principle



Meissner effect puzzle

How does the current
overcome the Faraday
field E; (counter-emf)
that wants to stop it?

— — 0 =
e=§ﬁEF-d€=—§ B-dS

VleW from the top

How is the momentum of the supercurrent compensated?



Meissner effect puzzle: momentum conservation
How is the momentum of the electrons and body generated?
Faraday field pushes in the wrong direction ‘Meissner force’
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Meissner effect

superconducting
state

lower temperature

g Ler temperature.

raise temperature
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T = T_.(H)




Question:
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superconducting
state

T T
K;=Kinetic energy of I
= ns(mevs2 [2)x (2xRA h)

= (H?/8m)x (2awRAh)
raise temperature

— S

Pi=momentum of I
m,c

= Emevk =
p 2e

3| where are K; and P,
in the final state ?

(H)

=



-
-

|.|. \
L 131

i 3

IgC

._f(

/f\
Ny

A simple answer (1911 to 1933):

As the system becomes normal, resistivity becomes non-zero. I decays
by collision processes with phonons and/or impurities, its Kinetic
energy (K,) is dissipated as Joule heat Q, its momentum (P,) is
transmitted in the collisions to the body as a whole, body starts to

rotate.

Simple answer is WRONG.

For a cylinder of R=1cm, h=5cm,
H~500 G, A,=500A:

I~ 2,000 Amps

P;~1 mg moving at 1 mm/s

K;~ 2.7 erg

Discovery of the Meissner effect (1933) suggested Joule heat is zero

Joule heat was measured to high accuracy, it is zero




Keesom (1934-1938)

closed. We call #/T -+ ¢ the increase in entropy which occurs in
passing the magnetic threshold curve at (H, T), o being due to some
possible irreversible process going on at that event.

TABLE III.

‘ Bred 1/'mol
cal/mol LTS

0.000 311 | 0.000 295 | 0.0C00 16 | 0.0COO 18 | 0.0000 02
446 396 50 58 08

1.91

Considering the numbers of the last column we conclude that a
definite indication of irreversibility is not present. Comparing those
numbers with the values of » (the differences do not reach 29,) seems
to entitle us to admit that the process mentioned may be considered
as reversible as far as thermodynamical consequences go, viz. that.



Keesom (1934)

Till now we imagined that the surplus work served to deliver the
J 0 ule-heat developed by the persistent currents the metal getting
resistance while passing to the non-supraconductive condition. As,
however, the conception of J o ule-heat can rather difficultly be

LR ™

on another process that absorbs energy. So we admit that in passing
the threshold value curve, what happens first is the penetrating of
the magnetic field into the supraconductive material. By this process
which is to be considered as reversible, the persistent currents are
annihilated by induction. At this process an amount of energy 1s
absorbed equal to twice the energy of the magnetic field that comes
into existence. 1t is not clear for what purpose the surplus of absorbed
energy serves. It is to be supposed that some reversible process 1s
involved which probably is connected with the transition to the non-
supraconductive state. In this picture of what happens it 1s essentia
that the persistent currents have been annihilated before the mate-

rial gets resistance, so that no J o ule-heat is develog

how does the supercurrent get ‘annihilated’ without Joule heat?




Meissner effect puzzle: momentum conservation
How is the momentum of the electrons and body generated?
Faraday field pushes in the wrong direction ‘Meissner force’
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Meissner effect puzzle

How is the momentum of the electrons and body generated?
Faraday field pushes in the wrong direction ‘Meissner force’
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VI = CAMBRIDGE TEXTS
FL =g —X B IN APPLIED
C __MATHEMATICS

An Introduction to
Magnetohydrodynamics

P.A. DAVIDSON

Figure 2.8 An example of Alfvén’s theorem. Flow through a magnetic field
causes the field lines to bow out. p A. Davidson. Introduction to Magnetohydrodynamics



Outflows & Jets: Theory & Observations

MHD theory

3) MHD equations, flux freezing

Alfven's theorem (1943): * In a perfectly conducting fluidSmagnetic
ﬁield lines move with the fluid: field lines are "frozen” into the plasma.’
--> A motion along magnetic field lines does not change the
field, motions transverse to the field carry the field with them.

Integrate induction equation %—? = ¥ x (v x B). with Gauss' theorem j V-AdV = j A -dS,
v S

(S is a closed surface enclosing volume V) and with Stokes' theorem / VXA -dS= j A - dl,
s c

(Cis a closed curve around the open surface S; dS = ndS  with the outward unit normal n )

(i) Since foralitme V- B =0 ==> 0= /

V- -BdV = j B - dSs, Vi, (closed surface S)
v 5

(i) Time behaviour of the magnetic flux & through closed curve C, around an open surface St:

= B(r,1) - dS.
Sy
Now & changes in time since B = B(t) and since curve C changes in response to plasma motions.

www.mpia-hd.mpg.de/homes/fendt/Lehre/Lecture_OUT/lect_jets4.pdf



Alfven’s theorem: in a perfectly conducting fluid, the magnetic field
is frozen into the fluid and moves along with it
B B
AAAAAAAAA

tol, <€ { )

T>Te T<Tc



dv e E+i§xﬁ—@ equation of motion for WXE = —(l/c)aﬁ/at‘
dt m, mgc p |perfectly conducting fluid Faraday s law
v v _ =

=—+ -V
dt ot

Taking the curl on both sides, and defining
generalized vorticity:

a—w=§x(ﬂ/><\7)
ot

ow =, _ : : ..
—=-V - (wv) continuity equation for generalized vorticity w has to flow

ot out radially




Alfven’s theorem: in a perfectly conducting fluid, the magnetic field

is frozen into the fluid and moves along with it
B

[ )

Why haven’t plasma physicists explained
the Meissner effect to solid state physicists  T>T. T<Tc
long ago?




Alfven’s theorem: in a perfectly conducting fluid, the magnetic field

is frozen into the fluid and moves along with it
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Alfven’s theorem: in a perfectly conducting fluid, the magnetic field
is frozen into the fluid and moves along with it
B B
AAAAA
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Why haven’t plasma physicists explained
the Meissner effect to solid state physicists  T>T. T<Tc
long ago?

The ‘fluid’ flowing out has to carry zero charge and zero mass

The ‘fluid’ flowing out is electrons + holes

Holes flowing out = mass tflowing »
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¥ Theor of hole superconductivity

- .
Key to the cuprates is O Negatively charged anions

* Key to Fe-As compounds is As*
Hole conduction necessary

Models:

* Dynamic Hubbard models
* Correlated hopping model

Experimental support:  * T, versus hole concentration
* Tunneling asymmetry (theory 1989, exp. 1995-2012)
* Optical sum rule violation (theory 1992, exp. 1999-2012)

4 | Explains dynamics of the Meissner effect- BCS can’t
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Fig. 5.1 The hole is denoted by the dotted circle. It moves from the second to
the third place in the row, i.e. to the right. Equivalently, an electron moved to
the left, from third to second place.

SUPERCONDUCTIVITY
BEGINS WITHH)

Hoth tdberts aidersiooil Aid tsiodersiood
i Superconductivity basics rethought

]
e tnen Jorge E. Hirsch

“Wcrld Scientific
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Fig. 5.1 The hole is denoted by the dotted circle. It moves from the second to
the third place in the row, i.e. to the right. Equivalently, an electron moved to
the left, from third to second place.

ENERGY

Electrons and Holes
in Semiconductors

WITH APPLICATIONS TO TRANSISTOR ELECTRONICS

O empiy electron states or holes

® filled eleciron siates

By .
WILLIAM SHOCKLEY Conduction band S
Meinber of the Tecknical Staff Ec ______________________ - _electrons
L TeLErHONE LABORATORIES, INC.
Forbidden band ____ e
B, y holes ™.

Valencé band




Zum Paulischen AusschlieBungsprinzip 1931

W. Heisenberg
Annalen der Physik

Volume 402, Issue 7, pages

DOI: 10.1002/andp.19314020710
888-904, 1931

' The conductivity in metals with a small number of holes can then
-in every respect be described as the conductivity in metals with a
“small number of positive conduction electrons. From this follows

directly the anomalous Hall effect for such metals.

Elektronentheorie der Metalle.

Von R. PEIERLS, Ziirich. (1932) o -
A band that has only a few electrons behaves, in every respect, like a

band where there is only room left for a few electrons, with the
difference, that the empty places have to be assigned an opposite — i.e.
positive — charge. Since the conductivity is independent of the sign of

the charge, the difference will not be apparent in the conductivity.



Electron-hole symmetry in solids
Holes (Ashcroft and Mermin book) R,;=Hall coefficient

One of the most impressive achievements of the semiclassical model is its explanation
for phenomena that free electron theory can account for only if the carriers have 2
- positive charge. The most notable of these is th
in some metals (see page 58). There are three important points to grasp in under- .
-standing how the electrons in a band can contribute to currents in a manner suggestive
of positively charged carriers:

1. Since electrons in a volume element dk about k contribute — ev(k)dk/4n® to

the current density, the contribution of all the electrons in a given band to the current electrons
density will be :
: dk v RH<O
j=(=9 ] vk, (12.19)
occupied 47T , _

where the integral is over all 6ccup_ie,d levels in the band.?® By exploiting the fact
that a completely filled band carries no current,

dk dk g
e J;one m v(k) - J;W“Pied 4_713 V(k) ‘+ L%cupied :"? V(k)’_ — (12.2—0) '

we can equaliy well write (12.19) in the form:

iliav(k). | (1221 ~

i=(+e) = €

unoccupied 47t
Thus the current produced by occupying with electrons a specified set of levels is
precisely the same as the current that would be produced if (a) the specified levels were
unoccupied and (b) all other levels in the band were occupied but with particles of charge
+ e (opposite to the electronic charge). RH>0
Thus, even though the only charge carriers are electrons, we may, whenever it is
convenient, consider the current to be carried entirely by fictitious particles of positive
charge that fill all those levels in the band that are unoccupied by electrons.? The
fictitious particles are called holes.



The simple physics that explains the Meissner eftect:

1) Electrons flow radially outward - ¢_ -
F,=—vxB

(generate Meissner current) -

Lorentz force

superfluid
electron

IMeisy




The simple physics that explains the Meissner eftect:

1) Electrons flow radially outward Eo_es G
(generate Meissner current) B X
2) Backflow of normal electrons Lorentz force

transfers momentum to the body

normal electron
backflow

superfluid
electron

The transition is reversible




Normal electron backflow

get deflected by Lorentz force

% B transfer azimuthal momentum to ions
angular momentum is conserved

Meissner current is not cancelled
— body

i’ otation
Q-
&lﬂn

e has to happen
without Joule heat

IMeisW

superfluid
electron




Explanation Normal hole outtlow

— Lorentz force canceled by Faraday force
. v < B holes move radially out
L =49 i transfer azimuthal momentum to ions

without collisions!
: body

otation

B

OGN

ion

superfluid
electron

hole has to happen

without Joule heat |

IMeisW




What is the difference between electrons and holes?

Hall effect

y_\/ T(a) RH<O

+ __
+ FE FH— =
+ VS =
_|_+ iy Amp
+ Ey o -
+ &
A ion [°

FAmp @__>

no net transveryse force on

electrons
no other force on ions

FH

F Amp# @(_

no net transverse I%rce on

holes
there is another force on ions



What is the difference between electrons and holes?
Hall effect

\/ T<a> RH<0
y___
Va __
a E: VISR

Amp

ay Ey -

F Amp

electrons transfer momentum to
the body without dissipation!
F Amp @__> FA’"P# @

no net transveryse force on no net transverse 1)(7)rce on

electrons electrons?
no other force on ions there is another force on ions




Explanation Normal antibonding electron backtlow
— move radially in

vV = : :
F =g—xB transfer azimuthal momentum to ions
C

without collisions!

angular momentum is conserved
: body

otation

B

superfluid
electron




What is the difference between electrons and holes?
: body

ion
ion — F M
hole F},,,,l —

; —
-x H

FE
superfluid
electron S

F Amp

electrons transfer momentum to
the body without dissipation!

— F
F iy~ &5—> AmpT De—

no net transveryse force on no net transverse t)(l)rce on

electrons electrons?
no other force on ions there is another force on ions



Semiclassical dynamics
E el -
'\ k // di(hk)=Fext=eE+£va
t C
\__/ k d O I I
free d_ (mevk) = Fext + Flatt
L€l t F, = force exerted by lattice on electron
14 .
L k i(mjk) = L(mjk) X d(nk) = d (my,)xF
dt d(hk) dt d(hk)

==> electrons near the top of the band exert a large force ON the
lattice =—> transfer momentum to the lattice
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rotation
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@ Negative Hall coefficient=electron carriers
@® Positive Hall coefficient=hole carriers

H ., . superconductors; He
. non-superconductors
.LI .Be P B C N 0 F Ne
.: magnetic ®
.Na %ﬂg Al | Si P S Cl | Ar
% % |% % [®n | Ga | Ge | As | Se | Br | kr
O O e 0 [®
Rb | Sr Y q’d .Ag Cd | In \"'J)_j"f' Shl Tes Xe
@ © @ (& F (.
.Cs Ba Lu Pt Au | Hg | TV ,' Bi Po | At | Rn
v . - 1 s |
Fr | Ra | Ac Np | Pu | Am | Cm | Bk | Cf | E Fm | Md | No | Lw
’:. J..r"" .'i. P
. Transition element superconductors (S:nﬁ:r::g:'u;:;:gsme) Rare earths and transuranic elements
'(rgzlr;s::ri\cgérelperr:::‘:;u;perconductors E Extrapolated . Magnetic transition elements

Non-transition element superconductors Not superconducting




JANUARY 9, 1932] NATURE
Hall Effect and Superconductivity. 1932

As can beseen from these data, the superconductors
show wsually a relatively stnall value of R and especmuy
of K. 1. KIEOIN.

Boris LasArpw,
Magnetic Department,

Phy hlﬂﬂi Technicai Institute,
Bcanovka 2, Leningrad (21).

ON A POSSIBLE CRITERION FOR SUPERCONDUCTIVITY 1962
I. M. Chapnik

Novosibirsk State University

(Presented by Academician I. K, Kikoin, June 1, 1961)
Translated from Doklady A\ kademii Nauk SSSR, Vol, 141, No, 1,
pp. 70-73, November, 1961

Original article submitted February 1, 1961

Thus, we have as criteria for the appearance of

superconductivity: the presence of a sufficient concen-
tration offholesIN, > 10® cm™?, a restriction on the min-




ON THE EMPIRICAL CORRELATION BETWEEN THE SUPERCONDUCTING 7T, .
AND THE HALL COEFFICIENT
(1979)

I.M. CHAPNIK
Cavendish Laboratory, Cambridge CB3 OHE, England

favorable condition for superconductivity would ap-
parently be a positive value of the Hall coefficient.

R. Feynman, Rev.Mod.Phys.29, 205 (1957)

There may be small regions in momentum space, for
instance, where the electrons behave as positively
charg d particles, that is placeq where the conductivity
is b}fh‘m and other regions where they behave
normally cre is some indication that this is the
casc because it has been noticed that the Hall efiect
is very small when the material has a tendency to be
superconductive. The Hall effect is very small when the
positive and negative carriers cancel. Thus some people
think that this, in conjunction with the lattice vibra-
tions, may have something to do with super-
conductivity. Of course, that makes the problem more
complicated, because it would mean that if Frohlich
and Bardeen could solve their model exactly, they still
ot find superconductivity, since 1t would still
involve only negative carriers.

(1948)

Theory of Superconductivity

On the other hand, we have found an empirical
rule that indicates a correlation between super-
conductivity and lattice structure; namely, that

those metals are superconductive for which the

ere, l[1es In very
lose proximity to one set of the corners formed by
he boundary planes of a Brillouin zone. —

idominant influence on the behaviour of the electrons,
if the Fermi surface is close to the boundary planes

of the Brillouin zone.
Max Bornw
Kar Cara CHENG

June |9, 1948

_~holes




Why hole carriers give rise to superconductivity
and electron carriers do not

Sr electrons

(1) Effective mass is negative near the top of the band

‘ necessary to explain how momentum is conserved in Meissner effect ‘

(2) Orbital expands when it is doubly-occupied ?

‘ leads to pairing driven by lowering of kinetic energy - no phonons ‘




Orbital expansion upon double-occupancy
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Orbital expansion upon double-occupancy
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At=t,-t, >
clectrons drives pairing hol
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Generalized Hubbard model
H = —E t,[CinC i +he ]+ E(ij 11/r l kD), ¢ €1 Crg

ijo
H = —E t; [cfacja +hc.]+ UE Nun; + VE ninGAtz (nl.,_a + nj’_a)(cl.;cj(7 +h.c.))
ijo i <ij> <ij>
2
At = (i 11/r lij) = fl @,(r) P I c ,l%(r')% (r') correlated hopping
r—r

/ <() N TN attractive for holes

+ v At
T o i S
\> ,

repulsive for electrons

)
* At breaks electron hole symmetry

* At lowers the Kinetic energy of hole pairs



Dynamic Hubbard models Phys. Rev. Lett. 87, 206402 2001 ..".:?SZIZI;“
1) Hubbard model + auxiliary boson degree of freedom - @ 2
I 'N spectral function for hole creatlon
estors * “I” 7 ~ .incoherent
holes q\o‘b * e ;‘p'l, ] r \r P
crresdon g H VOO0 e
anothar boson ¢ 1\ spe;:ltral function for electron creation
(1) Harmonic oscillator:
2
P; |
H =——+—-Kqg +(U+aq.)n,n
i 2M 2 ql ( ql) it

dressed hole

(1) Spin 1/2 degree of freedom

[ I ]
H, =w,0, +gw,0,+[U - 2(gfooocrz]n”ni¢




Hamiltonian is, in hole representation

1
i T T

V(Q) — ZEigRj‘[Dj I/()[) = (]., and a = Atl}/t_l.?

. Vo1 =V B
Hh’d — (Ek—ﬂ.) chckU — V}E‘.k! CLT'Cikic—k'Lck’T D = ta.,
2 2 K = 2241
K %4 W — &
Vi = V(ek,en) =U + D—/Q(Ek+£k') + D/kaffk’ W =2zV.
1 taﬂh(BEkr/Q) &k
L= —— Ek’ ! l Ale ) = Am
= Sl zk: Viewew) v —— 0 (€) ( D/2 )
1 = K(L14cly) — W(Iy+chh)
= K(Ix+cli) — U(I1+clo) =2KI, —WI, —Uly + (K*-WU) (I, I,—I})

B 1 EL € tanh(,ﬁ’Ey/Q)
=72, (_ D/Q) 2E}




2At K g
Vie=U-—(g, + &) >V\/V\,<
. 7 k

Is repulsive/attractive for €,<0 (electrons) / €,>0 (holes)

Vie=U+ale, + ;)

Vor

Superconductivity from
repulsive interactions
(‘pseudopotential effect’)

€1

Ay = _E Vk/eA K (1 ~ ggf(gkl )) Ay | (hole representation)
K K :




1=2KI, — WI, — Ul + (K*-WU) (I,,—I?)

k=K/D — BE

D
u=U/D K — 2241
w=W/D W

k> +/(1+u)(1+w) — 1
T

" AN B
-60 -40 -20 0
e, (meV)

By — \/(Ek—ﬂ)2 -+ L%, B = \/ag(Ek—LL—U)Q + A2

gl o
100 -80

B Am 2 A 1A,
a—\/l—l—(D—/z) ) AD— i and V—;D/QAQ



1 =2KI, — Wi — Uly + (K>~ WU) (I ],—I?)

A>\/1+u) H—u)—l

k=K/D D — .gt_,
u=U/D K = Rzl

3

SN I

w=W /D W=z

T.=(e’/n)/n(2—n) De~*/?,
a=1+2k(1=n)—w(1—-3n+32n?)
+ (k*—wu)(1-n)?,

1 l L Il 'l

b=2k(1—n)—w(l=n)*—u
y + (k*=wu) (1 —=n+4n?),
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TUNNELING ASYMMETRY: A TEST OF SUPERCONDUCTIVITY MECHANISMS

F. MARSIGLIO and J.E. HIRSCH (1 989)

Department of Physics, B-019, University of California, San Diego, La Jolla, CA 92093, USA
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Microscopic physics: Dynamic Hubbard model pRrL 87, 206402 (2001)
PRB 87, 184506 (2013)

Conventional Hubbard model
,/’"\\ ,/S'\\ ®/"\Q
e . e +

\ N

\—, -

”’

Dynamic Hubbard model _ - - _

/'"\\ ,/8'\\ ® S
EREEE R

i / % r . ‘\/ I'
O —_~ - y,

B g h2
Negative charge expulsion K =
= - e,

Kinetic energy lowering

wavefunction expansion

Effective low energy Hamiltonian:
Hubbard model with correlated hopping

Hp ==Y [t, HANA, , + 7, EC,, + hel+U Y fiyh,
ijo i

Leads to, when a band is almost full:
* pairing and superconductivity
CC>

driven by
Kinetic energy
lowering

€mnegative charge expulsion from interior to surfa




PRB 87, 184506
(2013)

Negative charge expulsion in dynamic Hubbard model
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FIG. 4. Diameters of the circles are proportional to the hole
> occupation at the site. Note that for finite At the hole occupation

increases in the interior and 1s depleted near the surface. Parameters
cormespond to the cases shown in Fig. 3.
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Negative charge expulsion in dynamic Hubbard model

Conventional Hubbard model
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FIG. 4. Diameters of the circles are proportional to the hole
occupation at the site. Note that for finite At the hole occupation
increases in the interior and 1s depleted near the surface. Parameters
correspond to the cases shown in Fig. 3.

almost full band =»many electrons, high kin.energy
negative ions = a lot of negative charge

=> system expels electrons
macroscopic charge
inhomogeneity

An outward-pointing electric
field exists in the interior of
superconductors at zero
temperature

superconducting




The Electromagnetic Equations of the Supraconductor (1935)
SUPRALEITUNG UND DIAMAGNETISMUS (1935)

onlF. und H. LONDON

diese noch unbekannte Koppelung eine[Verfestigung der Elektronen-
wellenfunktion]in erster Niherung [auch gegen elektrische Storun-
geEI zustande bringt !). Dann wiirde man{zu einer Gleichung

’ 2
p=charge density ¢=electric potential(12d)

An Experimental Examination of the Electrostatic
Behaviour of Supraconductors (1936)

By H. Lonxpon, Clarendon Laboratory, Oxford
( It follows from these measuremcnts that no electrostatic fields exist )
in

a pure supraconductor,/fot even in a thin surface layer, at least to the
approximation to which this is true for normal conductors. Accordingly




Derivation of conventional London equation:

J = nev (n=density, v=speed, J=current)

dv
m E =el free acceleration of electrons
2 P 2
0 B
H g Cyxy N yxp=-"1"
ot m ot mc ot

Integrate, ignore integration constany, gives London eq.

2
VxJ——KB with VxB_4—”J o v Etp
A; \mc2/
=O
1 9A dJ ne’
ot mc 0t c 0t Jdt m




New London-like equations for superconductors (JEH, PRB69, 214515(2004)

1) Je_ ne A = C . 1 _ dne
mc AT X me
1
2) V-A+— O;q; 0 ; (Lorenz gauge)
C
V-J=-—t ~V+A | continuity equation: V- J + — %P _ 0 —>
47N, ot
ap 1 Jd¢ |
— =- > integrate in time, 1 integration constant p, , ...
ot Amh, ot

==> | p(r,t) - p, = [p(7,0) — 9o (1)]

4)3



Electrostatics: (JEH, PRB69, 214515(2004)

2 1 2
V() = 9o(r) = 5 (9(1) = (1) V()= p,) - )Liz<p<r> 0y

, 0
Vip(r) =-4mp(r) V*¢ (r)=-dmp, V (E-E)= A_ZL(E - E,)

V2¢(” )=0 outside supercond.

+assume ¢(r) and its normal derivative are
continuous at surface

Solution for sphere of radius R:

R’ sinh(r/A
o) = py(1 - = i) )
3A, R/A, cosh(R/A,)—sinh(R/A,)
3
E(r)=inpo[l R™ r/A, cosh(r/A,)—sinh(r/A,) 7
3 r> R/A, cosh(R/A,)—sinh(R/A,)

No electric field outside sphere



Elliptical shape

Electric field

V2(¢(r)—¢0(r))=Aii(¢(r)—¢o(r)) / _|_ _|-_|-|--I_|-_\I supsnve diatking state

Vi, (r)=—4mp,  inside
V¢(r)=0 outside

test experimentally by measuring electric fields in the
neighborhood of superconducting small particles



Electrostatics:

V() - 6,(r)) = A%(qb(r) =41 VP = py) = () -y

| A
VA0(r) = ~Amp(r) V9,(r) = ~dmp, V'(E-E)7r(E-E)
Vi(r) =0

electric screening length is A;

q
//fﬁ\\ d . .
T Experiment to test it
t<Ap

+++++4+++++++

ey e T N e

(a) normal metal

\/KPPM |

Superconducting / normal laver 130 A
= g SR
insulating laver with clLarged unpm‘gms

t++++++++++ ++ 100 A

+
/ (b.)/superclonduc})r \‘ Ph.VSica C 508, 21 (2015)



http://www.sciencedirect.com/science/article/pii/S0921453414003414

Dynamics of the Meissner effect

cylinder

BCS / London :

1 e
v,=—(p-—A4A)

L e . .

F=—vxB+F =m,—
C dt

d . _ e

—(rxv)=-

dt( ) 2mc
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orbit expansion
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orbit expansion

angular momentum of supercurrent:
L=(myRnQRaRA, k) = L=(m,v2A )n (7Rh)



High T, cuprates
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Electron-doped cuprates
letters to nature
Nature 337,345 - 347 (26 January 1989); doi:10.1038/33734520

A superconducting copper oxide compound with electrons as the charge
carriers | O

Y. TOKURA', H. TAKAGIT & S. UCHIDAT

With regard to the “electron- coped” oxide superconductors our model has a specific

prediction: oxygen hole carriers will be found i i all the samples that go superconductmg
(JEH 1989) 0 79 N

Ce dopin - | |
© e JES h
ole-doped electron-doped
++ = T=hole
. "esu'i Physica 243, ot o7 cu Citt OF Cut
Cu hO'l' Cu 319 (1995) add a hole add an electron
(1) (&
Fig. 1. Schematic depiction of how holes are created by electron + + + —
doping. The electron added to Cu®* repels an electron from O?~ to e e o X s
the neighboring Cu’*, leaving behind a hole in oxygen (O7). Cu™ O~ Cu Cu” O Cu




Electron-doped cuprates have hole carriers
VOLUME 73, NUMBER 9 PHYSICAL REVIEW LETTERS 29 Aucusi(]1994

Anomalous Transport Properties in Superconducting Nd; gsCeg 15Cu04+5

Wu Jiang, S.N. Mao, X. X. Xi,* Xiuguang Jiang, J. L. Peng, T. Venkatesan,” C.J. Lobb, and R. L. Greene

Center for Superconductivity Research, Department of Physics, University of Maryland, College Park, Maryland 20742
(Received 4 February 1994)

We report a comprehensive 'i-ll]d}l’ of lhE in-plane transport properties of Nds-,Ce,CuQ,.; epitaxial
and decreasing 8 with Ce content fixed at_x =0,

coefficient§and (3) an anomalously large Nemnst effect. These results '-:tmngl_',r wggeat that both holes
and electrons participate in the charge transport for the superconducting phase of Nd;_,Ce,CuQj- ;.

PHYSICAL REVIEW B 76, D245EHSE§H ;

Hole superconductivity in the electron-doped superconductor Pr,_ Ce CuO,

Y. Dagan*
School of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Exact Sciences, Tel-Aviv University, Tel Aviv, 69978, Israel

R. L. Greene
Center for Superconductivity Research Physics Department, University of Marviand, College Park, Marvland 20743, USA
(Received 4 February 2007; revised manuscript received 5 June 2007; published 11 July 2007)

We measure the resistivity and Hall angle of the electron-doped superconductor Pr,_ Ce CuOy as a function
of doping and temperature. The resistivity p,, at temperatures 100 K<<T<"300 K is mostly sensitive to the
electrons. Its temperature behavior is doping independent over a wide doping range and even for nonsuper-
conducting samples. On the other hand, the transverse resistivity p,,, or the Hall angle fy, where cot(fy)
= P! Py- 15 sensitive to both holes and electrons. Its tamparatura dependence 1s strongly mﬂuenc:cd by doping,




SCIENCE ADVANCES | RESEARCH ARTICLE
1 FebQ01D) - Vol 5,Issue 2 - DOI: 10.1126/sciadv.aap7349

CONDENSED MATTER PHYSICS

Hole pocket-driven superconductivity and its universal
features in the electron-doped cuprates

Yangmu Li'**, W. Tabis'?, Y. Tang’, G. Yu', J. Jaroszynski?, N. Barisi¢'*>%, M. Greven'’

After three decades of intensive research attention, the emergence of superconductivity in cuprates remains
an unsolved puzzle. One major challenge has been to arrive at a satisfactory understanding of the unusual
metallic “normal state” from which the superconducting state emerges upon cooling. A second challenge has
been to achieve a unified understanding of hole- and electron-doped compounds. Here, we report detailed
magnetoresistance measurements for the archetypal electron-doped cuprate Nd,_,Ce,CuO,, ; that, in combina-
tion with previous data, provide crucial links between the normal and superconducting states and between the
electron- and hole-doped parts of the phase diagram. The characteristics of the normal state (magnetoresistance,
guantum oscillations, and Hall coefficient) and those of the superconducting state (superfluid density and upper
critical field) consistently indicate two-band (electron and hole) features and{point to hole pocket-driven super-
conductivity in these nominally electron-doped materials)We show that the approximate Uemura scaling be-
tween the superconducting transition temperature and the superfluid density found for hole-doped cuprates
also holds for the small hole component of the superfluid density in electron-doped cuprates.




Isotope effect: T~M™
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To the same natural effects we must, as far as possible, assign the same causes.




Summary

* The Meissner effect is the most fundamental propert E?@‘E cond.

* Expulsion of magnetic field requires radial flow of C

* Only hole carriers can transfer momentum to \J 1th0ut dissipati

* Hole carriers pair through Kinetic energ 1ng, electrons don’t

* Superconductors are like “glant at

* Superconductors have macr @ zero-pomt motion
e

* The spin-orbit interactlo ntial to understand superconductlw

* Supertluid electro orbltal angular momentum [ = /2

* The electron-phonyn interaction is irrelevant to superconductivity

*1Itis im ' e for BCS theory to explain the Meissner effect!

1ns to be understood!




EPL, 113 (2016) 37001 WWT
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The Bohr superconductor

The Dirac superconductor

_L/(_tJLbl virvciou UJ i Ily)l(_) viveuvo 3[(y UJ \_/(_lzlbeUI rvew, wiv _L/l(_JU T W JUMlW, Vil JALAUJITJITUJI LI,
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PACS 74.20.-z — Theories and models of superconducting state
PACS 74.20.Mn — Nonconventional mechanisms
PACS 74.25.N- — Response to electromagnetic fields

Abstract — Superconductors have often been described as “giant atoms”. The simplest description
of atoms that heralded their quantum understanding was proposed by Bohr in 1913. The Bohr
atom starts from some simple assumptions and deduces that the angular momentum of the electron
in Bohr orbits is quantized in integer units of A. This remarkable result, which does not appear
to be implicit in the assumptions of the model, can be interpreted as a “theoretical proof” of the
model’s validity to describe physical reality at some level. Similarly we point out here that from
some simple assumptions it can be deduced that electrons in superconductors reside in mesoscopic
orbits with orbital angular momentum % /2. This implies that both in superconductors and in
ferromagnets the long-range order results from elementary units of identical angular momentum.
Similarly to the case of the Bohr atom we propose that this remarkable result is compelling
evidence that this physics, which is not part of conventional BCS theory, describes physical reality
at some level and heralds a qualitatively new understanding of superconductors.



