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Periodic Table of Superconductivity
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Experimental Survey of
Superconductivity Phenomenon



Helium Liquefaction in 1908

8 2

Heike Kamerlingh Onnes

July 10, 1908

Nobel Prize, 1913

“Door meten tot weten”
(Knowledge through measurement)

© LeidenInstitute of Physics



WHAT IS A SUPERCONDUCTOR?

1. Zero resistance

2. Complete expulsion of magnetic flux
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Discovery of Superconductivity in 1911

April 8, 1911
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SUPERCONDUCTIVITY

Type of material What happens in a wire? Result

Conductor 69___

—> <
= Collisions cause

dissipation (heat)

Electrons flow easily
(like water through a
garden hose)

No current flow

Electrons are tightly boundno flow
(like a hose plugged with cement)

Superconductor @@___@/7 No collisions
P N

No dissipation
Electrons bind into pairs and No heat

cannot collide No resistance
(a frictionless hose)




HOW SMALL IS THE RESISTANCE?

Copper Cylinder

1) Induce current
2) Current decays in about 1/1000 second

Superconducting Cylinder

1) Induce current
2) Current does not decay
(less than 0.1% in a year)
SO0, resistance is smaller than copper
1000 years

2y 1/1000 second
l.e., at least 1 trillion times!




The Meissner Effect in 1933

Perfect diamagnetism

Walther Meifdner Robert Ochsenfeld

© PTB Berlin Institute




Meissner Effect

B=Ba+4nrM=0:| M _ 1 | o

Ba 41

Perfect Diamagnetism

The magnetic properties cannot be accounted for by the
assumption that a superconductor is a normal conductor with zero
electrical resistivity.

The result B = 0 cannot be derived from the characterization of
a super-conductor as a medium of zero resistivity.

From Ohm’s law, E = pj, we see that if the resistivity p goes to

zero, while | is held finite, then E must be zero. By a Maxwell
equation dB/dt is proportional to curl E, so that zero resistivity
implies dB/dt = 0. This argument is not entirely transparent, but the
result predicts that the flux through the metal cannot change on
cooling through the transition. The Meissner effect contradicts
this result, and suggests that perfect diamagnetism is an
essential property of the superconducting state.
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Figure 4 (a) Magnetization versus applied magnetic field for a bulk superconductor exhibiting a
complete Meissner effect (perfect diamagnetism). A superconductor with this behavior is called a

type I superconductor. Above the critical field H, the specimen is a normal conductor and the
magnetization is too small to be seen on this scale. Note that minus 47wM is plotted on the vertical
scale: the negative value of M corresponds to diamagnetism. (b) Superconducting magnetization

curve of a type II superconductor. The flux starts to penetrate the specimen at a field H,, lower
than the thermodynamic critical field H,. The specimen is in a vortex state between H_, and H_,,

and it has superconducting electrical properties up to H,,. Above H_, the specimen is a normal
conductor in every respect, except for possible surface effects. For given H, the area under the

magnetization curve is the same for a type II superconductor as for a type L. (CGS units in all parts

of this figure.)



Basic Properties of Superconductors

Zero electrical resistance + Meissner effect
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Type | & Il Superconductors

Typel: Al Pb... Type I1: Nb, NbTi, Nb;Sn and HTSC Lev V. Shubnikov

Normal Mormal

Superconducting

found type-II SC in
Pb-Bi alloy in 1935.

J. N. Rjabinin, L.W. Schubnikow, Physikalische Zeitschrift der Sowjetunion 7, 122 (1935)



Superconducting Vortices in type |l SC

Decoration image of vortex lattice Alexei A. Abrikosov
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A. A. Abrikosov, Doklady Akademii Nauk SSSR 86, 489 (1952)
A. A. Abrikosov, Sov. Phys. JETP 5,1174 (1957)



Why Superconductivity is so fascinating ?

< Fundamental SC mechanism
** Novel collective phenomenon at low temp
¢ Applications
Bulk: - Persistent current, power storage
- Magnetic levitation
- High field magnet, MRl
Electronics:

- SQUID magnetometer
- Josephson junction electronics



POSSIBLE IMPACT OF
SUPERCONDUCTIVITY

® Energy

- Superconductivity generators & motors

- Power transmission & distribution

- Energy storage systems

- Magnets for fusion power

- Magnets for magneto-hydrodynamic power

@ Transportation

- Magnets for levitated trains

- Electro-magnetic powered ships
- Magnets for automobiles

@ Health care
- Magnetic resonance imaging

MH7699A.11



Normal Metallic State

Electrons in wave-like states in momentum-space (k-space)

Free electron gas Fermi liquid /\/\$ \/\,, |k)
=

k.V k}’

A

Fermi surface

p = hk = h/A

h2k?
2m




BCS Theory in 1957
for Low T, Superconductivity

_ Microscopic theory for SC
Cooper Pairs

" /

/ \
Exchange boson:
Lattice Vibration Mode

! z
John Bardeen Leon Cooper  Robert Schrieffer

Nobel Prize 1972

J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 108, 1175 (1957)



Superconducting Ground State

Normal state Superconducting

ground state

Cooper Pairs

A 4

/ \
Exchange boson:
|—k) Lattice Vibration Mode

* Spin singlet

?*’-  L=0;S=0

* Binding energy: A



Fundamental Mechanism

The superconducting state is an ordered state of the conduction electrons of
the metal.

Electron-Phonon Coupling

Cooper Pair formed by two electrons k, and —k
with opposite spins near the Fermi level, as
coupled through phonons of the lattice

The nature and origin of the ordering was explained by Bardeen, Cooper, and

Schrieffer.3
BCS Theory, 1957

J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 106, 162 (1957); 108, 1175 (1957).



The Discovery of Superconductivity

* Early 90’s -- elemental SP metals like
Hg, Pb, Al, Sn, Ga, etc.

« Middle 90’s -- transitional metals, alloys, and
compounds like Nb, NbN, Nb,Sn, etc.

 Late 90’s -- perovskite oxides

Table 2 Superconductivity of selected compounds

T T,,

Compound inci( Compound in K
Nbssn A-15 18.05 V3Ga 16.5
Nb,Al 17.5 YBa;CuyO0s9 HT S C 90.0
NbN Bl 16.0 Rb,CsCeo 31.3

KsCeO 19.2 LasIn 10.4




A-15 compound A;B, with T, =15-23 K

In the so called —W structure
With three perpendicular linear chains of A atoms on the cubic face,

and B atoms are at body centered cubic site,
With the presence of a sharp peak of N(E) at E¢

FIG. 1. The A-15 (or
B8-W) crystal structure for
the compound formula A;B.
For the high 7. supercon-
ductors, A is a transition
metal (usually V or Nb)
and B is usually (but not al-
ways) a4 nontransition metal
(e.g., Si, Ge, Sn, Al, Ga).

1973 discovery of Nb,Ge, 23K !
how about Nb,;Si ?7?



Low temperature Superconductors

-- Mediated by Electron phonon coupling

-- McMillian formula for T,

O § o5 e
T(,:_Dexp = (]." Aep)
.45 Aep — 1* (11 0.62)¢y)

A . electron phonon coupling constant
u* . Coulomb repulsion of electrons

A oc N(O) < 12>/ @?

Are electrons or phonons more important?



The Phonon Spectrum of the low T,
A-15 compound Nb,Al
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History of Conventional SC
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History of Conventional SC
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Can we raise the T_ higher
than 30K?

Are we reaching the limitation
of the BCS Theory ?



Matthias’s Rules for Searching High T, SC

Bernd Matthias

W. E. Pickett , PhysicaB 296, 112 (2001)
|. I. Mazin, Nature 464, 183 (2010)




A legacy of Superconductivity

pTed H. Geballe

Stanford, April, 2015



The Beginning of Unconventional SC: Heavy Fermion SC

Enormous effective mass of their
charge carriers. This is achieved by a . k|
sharp spike in the DOS at the Fermi N
surface, to as much as 1000 times the
density of states in Cu.

| &

Frank Steglich

©Max Planck Institute

F. Steglich et al., Phys. Rev. Lett. 43, 1892 (1979)



Breakthrough in late 1986
By Bednorz and Muller

Start the HTSC Era |



Discovery of High T_ Cuprates

Possible High T, Superconductivity
in the Ba—La—Cu— 0O System

J.G. Bedoors and KA. Miiller

| BN Férch Research Laboralory, Rischhkon, Switzerand

Received April 17, 1986

Z. Phys. B — Condensed Matter 64,189 (1986)

La, Ba,CuO,, T.=30K

J. Georg Bednorz K. Alex Miiller

Nobel Prize 1987




Discovery of High T_ Cuprates

YBa,Cu,0, ; T,~93K

CuO chain

fB CuO plane

M. K. Wu et al., PRL 58, 908 (1987)




High Temperature Superconductor YBa,Cu,0O,
S8 \;'_ O = (90K)
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Invention of Oxide Molecular Beam Epitaxy
For HTSC Single Crystal Films.




Woodstock of Physics - March Meeting 1987

“The stores and the bars were all ‘Physicists welcome, ” said Paul M. Grant, who
headed the superconductivity research at [.B.M.'s Almaden Research Center in
San Jose. He recalled a discotheque in Chelsea with a long line of people waiting
to get in. “The bouncers took anybody that had a physical society badge on to
the front,” Dr. Grant recalled, “and we got in gratis. Can you imagine what a
culture shift? We had a hell of a good time.” - NY Times

© American Institute of Physics



La,_,Ba,CuO,

Z. Phys. Rev. B 64 189 (1986)

Perovskite oxide structure

1 At small x cation doping,
Antiferromagnetic Mott
Insulator

O For SC state, the Tc is
maximum at x = 0.15

La



La, ,Ba,CuO,

Each Ba atom substituted
for the captures, and
electron from CuO, plane
leaving p holes per unit cell

Ba

Z. Phys. Rev. B 64 189 (1986)



High T_ Cuprate Superconductors (CuSC)

La, Sr,CuO, YBa,Cu30, Bi,Sr,CaCu,0,
(LSCO) (YBCO) (Bi2212 or BSCCO)

(T2 ~ 40 K) (T ~ 93 K) (T.max ~ 95 K)



History of Superconductors
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Honorable Mention : MgB, in 2001

T.=39K

Two superconducting gaps

Strong sp? bonding and hybridization

E,, phonon and o bond coupling leads to high T,

Jun Akimitsu
Fl sk %

J. Nagamatsu et al., Nature 410, 63 (2001)
Amy Liu et al., PRL 87, 087005 (2001)
H.J. Choi et al., Nature 418, 758 (2002)



The Discovery of Fe-based Superconductors (FeSC) in 2006

2006 : LaFeP(0,,F,): T.~5K
2007 : LaNiPO: T.~3K
2008 : LaFeAs(0, F,), T.~26K

Hideo Hosono
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Y. Kamihara et al., JACS. 128, 10012 (2006)
T. Watanabe et al., JACS. 46, 7719 (2007)
Y. Kamihara et al., JACS. 130, 3296 (2008)



History of Conventional and High T. Superconductors
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Honorable Mention : H;S in 2015

T=203K under High Pressure
Likely H-rich H,;S
Conventional BCS superconductor ?

Ermperatura i

20U

© MaxPlanck-Institut fir Chemie A. P. Drozdov et al., Nature 525, 73 (2015)



 The results are the work of Mikhail Eremets, Alexander Drozdov and
their colleagues at the Max Planck Institute for Chemistry in Mainz,
Germany in 2015. They find that when they subject samples of
hydrogen sulfide to extremely high pressures — around 1.5 million
atmospheres (150 Gigapascals) — and cool them below 203 K, the
samples display the classic hallmarks of superconductivity: zero
electrical resistance and the Meissner effect.

d Other hydrogen compounds may be good candidates for high T, too.
For instance, compounds that pair hydrogen with Pt, K, Se, Te,
Instead of sulfur.

[ Zhang in Dallas and Yugui Yao of the Beljing Institute of Technology in
China predict that substituting 7.5% of the sulfur atoms in hydrogen
sulfide with phosphorus, and upping the pressure to 2.5 million
atmospheres (250 GPa) could raise the superconducting transition
temperature all the way to 280 K, above water's freezing point.



Will all non magnetic metal become SC at low T?

(I) Destruction of Superconductivity by Magnetic | mpurities

It isimportant to eliminate from the specimen even trace
guantities of foreign paramagnetic elements

(I'1) Destruction of Superconductivity by Magnetic fields
At the critical temperature the critical field iszero: H (T.)=0

900

g
%

HT) in gauss

-
/
G

asle \
IBNEN

0 2 4 6 8
Temperature, in K

Figure 3 Experimental threshold curves of the critical field H(T) versus temperature for several
superconductors. A specimen is superconducting below the curve and normal above the curve.
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Type I superconductor

Perfect Diamagnetism

H,

Applied magnetic field B,—
(a)
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Figure 4 (a) Magnetization versus applied magnetic field for a bulk superconductor exhibiting a
complete Meissner effect (perfect diamagnetism). A superconductor with this behavior is called a

type I superconductor. Above the critical field H, the specimen is a normal conductor and the
magnetization is too small to be seen on this scale. Note that minus 47wM is plotted on the vertical
scale: the negative value of M corresponds to diamagnetism. (b) Superconducting magnetization

curve of a type II superconductor. The flux starts to penetrate the specimen at a field H,, lower
than the thermodynamic critical field H,. The specimen is in a vortex state between H_, and H_,,

and it has superconducting electrical properties up to H,,. Above H_, the specimen is a normal
conductor in every respect, except for possible surface effects. For given H, the area under the

magnetization curve is the same for a type II superconductor as for a type L. (CGS units in all parts

of this figure.)



Type || Superconductors

1. A good typel superconductor excludes a magnetic field until
superconductivity is destroyed suddenly, and then the field penetrates
completely.

2. (a) A good type Il superconductor excludesthe field completely up to a
field H,.

(b) Above H; the field is partially excluded, but the specimen remains
electrically superconducting.

(c) At amuch higher field, H.,, the flux penetrates completely and
superconductivity vanishes.

(d) An outer surface layer of the specimen may remain superconducting
up to a still higher field H .

3. Animportant differencein atypel and atype |l superconductor isin the
mean free path of the conduction electrons in the normal state. are typel,
with x <1, will betypell.isthesituationwhenx =4/ ¢> 1.



1. A superconductor istypel if the surface energy is aways positive as the
magnetic field isincreased, For H <H,

2. Andtypell if the surface energy becomes negative as the magnetic field
Isincreased. For Hc,<H <Hc,

The free energy of a bulk superconductor is increased when the magnetic
field isexpelled. However, a parallel field can penetrate a very thin film
nearly uniformly (Fig. 17), only a part of the flux is expelled, and the energy
of the superconductl ng film will increase only owly as the external magnetic

10 |t i nlnl

S NS N S

Figure 17 (a) Magnetic field penetration into a thin nim o1 thickness equal to the penetration
depth A. The arrows indicate the intensity of the magnetic field. (b) Magnetic field penetration in
a homogeneous bulk structure in the mixed or vortex state, with alternate layers in normal and
superconducting states. The superconducting layers are thin in comparison with A. The laminar
structure is shown for convenience; the actual structure consists of rods of the normal state sur-
rounded by the superconducting state. (The N regions in the vortex state are not exactly normal,
but are described by low values of the stabilization energy density.)

Normal
\ormal




k<<l
Type |

i

MDD
W2 =n, hix) e

Superconducting Normal

fe— ) ——]

FIGURE 1-4
Interface between superconducting and normal domains in the intermediate state.
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FIGURE 4-2
Schematic diagram of variation of k and  in a domain wall. The case ¥ < 1 refers to

a type 1 superconductor (positive wall energy); the case x » 1 refers to a type 11
superconductor (negative wall energy).



Vortex State

In such mixed state, called the vortex state, the external magnetic field
will penetrate the thin normal regions uniformly, and the field will also
penetrate somewhat into the surrounding superconducting materials

Type II superconductor
Type 1 superconductor £

E= A

B, + By,

Alx)

x

0

Figure 18 Variation of the magnetic field and energy
gap parameter A(x) at the interface of superconduct-
ing and normal regions, for type I and type Il super-
conductors. The energy gap parameter is a measure
of the stabilization energy density of the supercon-
ducting state.



Normal Core h(r)
of Vortex Voo

0 ¢ A r—e

FIGURE 5-1
Structure of an isolated Abrikosov vortex in a material with k &~ 8. The maximum
value of h(r) is approximately 2 H.,.

K=AIE>1



The term vortex state describes the circulation of superconducting currents in
vortices throughout the bulk specimen,

Abrikosov triangular
|attice as imaged by
LT-STM, H. Hess et al

Flux lattice
at 0.2K of NbSe,

Figure 19 Flux lattice in NbSe; at 1,000 gauss at 0.2K, as viewed with a scanning tunneling
microscope. The photo shows the density of states at the Fermi level, as in Figure 23. The vortex
cores have a high density of states and are shaded white; the superconducting regions are dark, with
no states at the Fermi level. The amplitude and spatial extent of these states is determined by a
potential well formed by A(x) as in Figure 18 for a Type II superconductor. The potential well
confines the core state wavefunctions in the image here. The star shape is a finer feature, a result
special to NbSe, of the sixfold disturbance of the charge density at the Fermi surface. Photo
courtesy of H. F. Hess, AT&T Bell Laboratories.

The vortex state is stable when the penetration of the applied field into the
superconducting material causes the surface energy become negative. A type Il
superconductor is characterized bv a vortex state stable over a certain range of
magnetic field strength; namely, between H.; and He.




Vortex Imaging of NbSe, by LT-STM

Harald F. Hess 2H-NbSe, : T.= 7.1 K, Tepy = 29 K

500 Gauss

© www.janelia.org

g mv 0.5 mV 0.09

: i

Abrikosov triangular lattice 0 mv 0.5 mv

H. F. Hesset al., PRL 62, 214 (1989).
H. F. Hesset al., PRL 64, 2711 (1990).



L Doping Pb with some In

gc 4001= \/B.
g | &
s ,{ ‘\] Type | SC becomes type Il SC
i 200 /\.. .
VANEAN

| | 1 | oLy Hﬁ.-”’—osbh—ﬁﬁ e
200 800 r 1200 1600 2000 2400

Applied magnetic field B, in gauss

Figure 5a Superconducting magnetization curves of annealed polycrystalline lead and lead-
indium alloys at 4.2 K. (A) lead; (B) lead—2.08 wt. percent indium; (C) lead—8.23 wt. percent
indium; (D) lead-20.4 wt. percent indium. (After Livingston.)
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Figure 5b Stronger magnetic fields than any now contemplated in practical superconducting
devices are within the capability of certain Type Il materials. These materials cannot be exploited,
however, until their critical current density can be raised and until they can be fabricated as finely
divided conductors. (Magnetic fields of more than about 20 teslas can be generated only in pulses,
and so portions of the curves shown as broken lines were measured in that way.)
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Entropy S vs T for Aluminum
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Figure 6 Entropy S of aluminum in the normal and superconducting states as a function of the
temperature. The entropy is lower in the superconducting state because the electrons are more
ordered here than in the normal state. At any temperature below the critical temperature T the

specimen can be put in the normal state by application of a magnetic field stronger than the critical
field.

The small entropy change must mean that only a small fraction (of the order
of 10) of the conduction electrons participate in the transition to the ordered
superconducting state.



Free energy in mJ/mol

Fg

Superconductor

1 | | 1 | 1

Free energy vs T for Aluminum

Normal

dF/dT =dFs/dT at T,
AFy=AFg at T.

Zero latent heat,

2"d grder phase transition

| | ! I A I L | J

Temperature, K

So that the phasetransition is second order (thereisno latent heat of transition at Tc).




heat capacity of an electron gasis

Cy =572 D(cp) kg2 T (34)
D(er) = 3N/2¢- = 3N/2 kT, (35)
1

Ca = > n* NkgT/Te. (36) Compare with C,, = 2Nk T/T¢
T is caled the Fermi temperature, where & = KgTe
., &+ 957 ,‘../ /./.‘
— o T e 4 ad ‘ Figure 8§ Ei:l.p-l::ri:m_'n:'.x[ iat capacity values
e .-,_.,.-.""'.’. K metal for potassium, plotied as C/T versus T2 [Aler W. H
i e | Lien and N. E. Phillips )

y = NkgT/Te Sinceep oc Teoc Um oy ocm (See Eq. 17)

At temperatures much below both the Debye temperature and the Fermi
temperature, the heat capacity of metals may be written as the sum of electron
and phonon contributions: C =yT + AT 3

CIT =1y + AT ?2 (37)

v, called the Sommerfeld parameter At low T, the electronic term dominates.




Heat Capacity of Ga at low T

|
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Figure 8 (a) The heat capacity of gallium in the normal and superconducting states. The normal
state (which is restored by a 200 G field) has electronic, lattice, and (at low temperatures) nuclear
_guadrupole contributions. In (b) the electronic part C,, of the heat capacity in the superconducting
state is plotted on a log scale versus TJ/T: the exponential dependence on 1/T is evident. Here
v = 0.60 mJ mol™' deg™* (After N. E. Phillips.)

Electronic part of heat capacity in SC state: C_J/ yT, oc aexp (-bT./T)

Proportional to -1/T, suggestive of excitation of electrons across an energy gap.



Evidence for Energy Gap in 1953

Another motivation for the BCS theory of superconductivity.

| NIOBIUM
 MOLAR HEAT CAPACITIES
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NORMAL LINE
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A. Brown, M. W. Zemansky, and H. A. Boorse, Phys. Rev. 92, 52 (1953)
B. B. Goodman, Proc. Phys. Soc. (London) A66, 217 (1953)



Energy Gap

In a superconductor the important interaction is the electron-electron
Interaction via phonons, which orders the electron in the k space with
respect to the Fermi gas of electrons.

The exponential factor in the electron heat capacity of a superconductor
Is found to be —E/2kgT

Ces = yT.exp(-1.76 T,/T)

The transition in zero magnetic field from the superconducting state to
the normal state is observed to be a second-order phase transition.

Energy Gap of superconductors in Table 3
E,(0)/kgT, =3.52 Weak electron-phonon coupling

E,(0)/kgT, >3.52 Strong electron-phonon coupling



Table 3 Energy gaps in superconductors, at T = 0

2A

E,(0) in 10~ %eV.
E0)kgT,.
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Isotope Effect in 1950

« Lattice vibrationisa part of the SC process.
* A crucial step to a microscopic theory.

Emanuel Maxwell Bernard Serin & Charles Reynolds
- iz

© Rutgers University

Average Mass Number

Emanuel Maxwell, Phys. Rev. 78, 477 (1950)
C.A. Reynolds et a., Phys. Rev. 78, 487 (1950)



Isotope Effect

It has been observed that the critical temperature of superconductors
varies with isotopic mass.
The experimental results within each series of isotopes may be
fitted by a relation of the form

M°T, = constant o~ 0.5

Table 4 Isotope effect in superconductors

Experimental values of & in M“T, = constant, where M is the isotopic mass.

A TSP S =

Substance a Substance a

T £ A U R ST TR D T T TR B T R L I S A R L A T AR SRS A P NS
Zn 0.45 + 0.05 Ru 0.00 = 0.05
Cd 0.32 = 0.07 Os 0.15 + 0.05
Sn 0.47 = 0.02 Mo 0.33
Hg 0.50 = 0.03 Nb;Sn 0.08 = 0.02
Pb 0.49 = 0.02 Zr 0.00 = 0.05

RO PCLTY, 1 R R TSRO

From the dependence of T. on the isotopic mass we learn that lattice
_vibrations and hence electron-lattice interactions are deeply involved-‘in super-

conductivity.

6 oc v oc M2 T, % Opepye * M2 sothata = %




3. The penetration depth and the coherence length emerge as natural
consequence of the BCS theory. The London eguation is obtained for
magnetic fields that vary slowly in space. Thus, the central phenomenon in
superconductivity, the Meissner effect, is obtained in a natural way.

penetration depth (A) ; coherence length (&)

4. The electron density of orbitals D(Eg) of one spin at the Fermi level, and
the electron —lattice interaction U. For UD(Eg) << 1, the BCS theory predicts:

T, = 1.140 exp|—1/UD(€er)] , 2A /KT, =3.52

Where @ isthe Debye temperature, and U is an attractive interaction
(electron-phonon interaction).

For dirty metal (a poor conductor) — p(300)7, U1, T.1 (but agood SC)

5. Magnetic flux through a superconducting ring is quantized and the effective
unit of chargeis 2e rather than e.

Evidence of pairing of electrons
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Perfect Conductor vs Superconductor
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Vortex-Current Interaction

Lorentz force on J due to the interaction
between J;and B.

f=[JsxBdr=Jpx[Bdr=Jyx(p_B)

Vortex motion implies that the vortex is subject
to a power input per unit volume of vortex of
characteristic radius rg

Larentz force
per unit volume

Vortex motion leads to dissipation! R#0 !
Vortex pinning is crucial for applications.
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Quantum Levitation

Magnetic flux pinning is key.
Unstable for type I superconductors.

Superconductor

«_ L]

Magnotic Fiux T_l:npplr\g

© QuantumExperience Itd. © NHMFL



A legacy of Superconductivity

p




COSIzBigCUgOe 5fzaizcll°3
CazBopTlzCuz040 CaBapTlaCuz0g BogpTlxCulg
120K 80K A0K




THEORETICAL SURVEY



Theories of Superconductivity

1. Phenomenological equations. the London eguations and
the Landau-Ginzburg equations

In 1950, a psuedo wave function y for the SC state, n = |w |

2. Quantum theory of superconductivity was given by Bardeen,
Cooper, and Schrieffer (BCYS).
--Microscopic theory, 1957

--1959, Gorkov derives a macroscopic form of BCS theory near T,
and the order parameter is proportional to the gap function A,

3. Subseguent work of Josephson and Anderson discovered the
Importance of the phase of the superconducting wave function.

Josephson effect:
- asthefirst case of theory leading experiment in SC !!



(1) Thermodynamics of the Superconducting Transition

1. The transition between the normal and superconducting state is thermo-
dynamically reversible.

2. The critical field H, is a quantitative measure of the free energy difference
between the superconducting and normal states at constant temperature.

3. The stabilization free energy of the superconducting state with respect

to the normal state can be determined by calorimetric, or magnetic
measurements.

a. Inthe calorimetric method: From the difference of the heat capacities we

can compute the free energy difference, which is the stabilization free energy
of the superconducting state.

b. In the magnetic method: The stabilization free energy is found from the

value of the applied magnetic field, that will destroy the superconducting
State at constant temperature.

H.: Thermodynamic critical field



Consider the work done (Fig. 11) on a superconductor, when it is brought reversibly at
constant temperature from a position at infinity (where the applied field iszero) to a
position r in the field of a permanent magnet:

B,
W= —J M -dB, (3
()
— ___,,,// .
j i{.&je’f. : ‘N 35u;x*1mndurtm
EIRENITT N
\ B= B +4nM =0, inside SC
g —— Superconductor phase
N B =H. Normal phase

\ {coexisting in
equilibrium) s

Figure 11 (a) A superconductor in which the Meissner effect is complete has B = 0, as if the
magnetization were M = — B 47, in CGS units. (b) When the applied field reaches the value B,..,
the normal state can coexist in equilibrium with the superconducting state. In coexistence the free
energy densities are equal: Fy(T, B,.) = Fs(T, B,.).



The thermodynamic identity for the processis
dF =-M-dB_, (4)

For a superconductor with M related to B, by (1) M= (-1/47)B,

1

dFs= pym

B, dB, ; (5)

Theincrease in the free energy density of the superconductor is

Fs(Ba) -Fs(0) = B2/ 8 |; (6)

Now consider a normal nonmagnetic metal. Then M = 0 the energy of the
normal metal isindependent of field. At the critical field we have

Fn(Bad =Fn (0) (7)

At the critical value B, of the applied magnetic field the energies are equal in
the normal and superconducting states:

Fn (Bag) = Fs (B = Fs(0) + B/ 8. (8)



AF=F(0)-Fg(0)=B,?/8r, (9
Where AF isthe stabilization free energy density of the superconducting state.

At afinite temperature the normal and superconducting phases are in equilibrium,
when the magnetic field is such that their freeenergies F=U - TS are equal.

Fy

-
2 Normal state
g |
-
= |
o
B¢ I
5 N
Z |
u |
&
m I
|
|
|
|
|
|
B,

Applied magnetic field B,—

Figure 12 The free energy density Fy of a nonmagnetic normal metal is approximately indepen-
dent of the intensity of the applied magnetic field B,. At a temperature T < T, the metal is a
superconductor in zero magnetic field, so that Fg(T, 0) is lower than Fu(T, 0). An applied magnetic
field increases F, by BZ/87r, in CGS units, so that Fg(T, B,) = Fg(T, 0) + B2/8s. If B, is larger than
the critical field B, the free energy density is lower in the normal state than in the superconducting
state, and now the normal state is the stable state. The origin of the vertical scale in the drawing is
at Fg(T, 0). The figure equally applies to Us and Uy at T = 0.
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Free energy vs T for Aluminum

dF,/dT = dF¢/dT at T,

AFy=A4Fg at T.
Zero latent heat

Superconductor

T, = 1.180 K

| | | | | 1 ] | | \ ' 1 | J

0.5 1.0 L5
Temperature, K

So that the phase transition is second order.
(Thereisnolatent heat of transition at Tc).



(2) London Equation

Electrical conduction in the normal state of ametal is described by
Ohm’s law. = ok

We postulate that in the superconducting state the current density is directly
proportional to the vector potential A of thelocal magnetic field B,

= _C The concept of
7 “ Local Field”
SinceB = curl A =9 |_ondon Equation
curl | =- 52 B

curl B = (4n/c) | from Maxwell Equation

curl curl B =- V2B = (4n/c) curl |

V2B =B/), 2

B(x) =B(0) exp (- x/4,),




B(x) =B(0) exp (- x/ 1)),

S

Figure 13 Penetration of an applied magpetic field into a semi-infinite superconductor. The pene-
tration depth A is defined as the distance in which the field decreases by the factor e~ Typically,
A =500 A in a pure superconductor.

Table 5 Calculated intrinsic coherence length and
London penetration depth, at absolute zero

Intrinsic Pippard London
coherence penetration
length &, ‘depth A,
Metal in 107% em in 107% ¢m Alés
Sn 23. 3.4 0.16
Al 160. 1.6 0.010
Typel SC 3, 8.3 3.7 0.45
Cd 76. 11.0 0.14
Nb 3.8 3.9 1.02
Typell SC
After R. Meservey and B. B. Schwartz.
See dide #24 A, = (mc?/4nng?)/2 L ondon Penetration Depth

An applied magnetic field B_ will penetrate into a thin film fairly uniformly,
If the thicknessis much lessthan A ; thusin athin film the Meissner effect
Is not complete. Inathin film, the induced field is much less than B,



(3) Coherence Length

1. Coherence length is a measure of the distance within which the SC electron
concentration cannot change drastically in a spatially varying magnetic field.

2. The coherence length is a measure of the range over which we should
average A toobtainj.

3. It is also a measure of the minimum spatial extent of a transition layer
between normal and SC.

AT
W12 = n, h(x)

Superconducting Normal

— - x
§(T)
FIGURE 1-4

| nterface between superconducting and normal domainsin the intermediate state.




MT)
IWI? =n, h(x)
H,

Superconducting Normal

fe—— (1) ——+

FIGURE 1-4
Interface between superconducting and normal domains in the intermediate state.

- 7~ "9 Ginsburg Landau
)"efl'( f) . 2\/ 2 an(T)/'cff(T) Paramet%rs

- é(T) - @, Tinkham, eq. (4-27)
A fe— —
H, b Voo H, Voo
k<<l h v ¥ h k>>1
Type | Type Il
b 3 >} H—E-—I
K<< | k>>1

FIGURE 4-2
Schematic diagram of variation of h and ¢ in a domain wall. The case ¥ < 1 refers 1o

a type 1 superconductor (positive wall energy); the case x » 1 refers to a type 11
superconductor (negative wall energy).



Any spatial variation in the state of an electronic system requires extra kinetic energy.
It is reasonable to restrict the spatial variation of j (r) in such away that the extra energy
IS less than the stabilization energy of the SC state.

o(x) = 2712 (gilk+a)x 4 gike)
Whereas y*y is modulated with the wavevector
o*p = %(e—i(k-%q)x 4 ‘e—ik.t)(ei(k+(1)x ke eik.t)
=42+ €9+ e ') =1+ cos gx .

Eg
k2 d> ) 1 ( h2 ) 4 & h?
o* \ — = — + g)* + k*] = k2
f ax ¢ ( om dx* ¢ 2 \2m g o9m

The increase of the energy required to modulate is #2kg/2m.

If thisincrease exceeds the energy gap E, superconductivity will destroy.
We define an intrinsic coherence length &, related to the critical modulation

by &,=1/q, atk= ke Another derivation
= h*kp/2mE, = fhvp/2E, ,
S0 A Te — TOF e AXIVg « E,~ 1
From the BCS theory, - Ne eE.~h
for a pure SC, the exact form L = 2hvp/TE, . SolVr / g
o ~ NVE Eg




In impure materials and in alloys the coherence length & is shorted than &,.
The coherence length and the actual penetration depth A depends on the mean
free path | of the electrons measured in the normal state; the relationships
are indicted in Fig. 14. When the superconductor is very impure, with a very small |.

then £~ (&, )2 at very small mean free path ¢
A=A, (E,1€)Y2  inimpure SC

so that A/E ~ A, /£ .

Thisisthe “dirty superconductor” limit.

The ratio A/§ isdenoted by « .

Figure 14 Penetration depth A P
and the coherence length £ as 0.5
functions of the mean free path € &
of the conduction electrons in the 04 [
normal state. All lengths are in
units of &,, the intrinsic coher-
ence length. The curves are
sketched for & = 10A,. For short
mean free paths the coherence
length becomes shorter and the
penetration  depth  becomes 0
longer. The increase in the ratio 0 1

kA/& favors type Il superconduc- Type | | N Type I

tivity. &0

0.3

0.1}

dirty clean




(4) BCS Theory of Superconductivity
1. The Cooper Pair :

The “BCS wave function” is composed of particle pairskT and —k<{, when treated by
the BCS theory, givesthe familiar electronic superconductivity observed in metals, and
exhibits the energy gaps of Table 3. Thispairing is known as s-wavepairing (1 =0) .

Postulated by Cooper in 1956

O A weak attraction can bind pairs of electronsinto a bound state

O The Fermi seaof electronsis unstable against the formation at |east one

bound pair, regardless how weak the interaction is, so long it is attractive.

O Thelowest energy state to have the total zero momentum, so that two electrons
must have equal and opposite momenta.

O Introduce V .. = -V for al k out to a cut-off energy ha, away from E; ,
andV,,, =0for k beyond ha,

E~ 2E. -2 ha, e 2NOV A= 2E; - E=2ha,e?NOV >0

O The contribution to the energy of the attractive potential outweights the excess
Kinetic energy, leading to a binding energy regardiesshow small V is.




Origin of the Attractive | nteraction:

2. The electron-lattice-electron interaction leads to an energy gap of the
observed magnitude. The indirect interaction proceeds when one electron
Interacts with the lattice and deforms it; a second electron sees the deformed
lattice and adjust itself to take advantage of the deformation to lower its energy.
Thus the second electron interacts with the first electron via the lattice
deformation.

& A omon e eg. themattresstheory

O In 1950 Frohlich first suggested the electron phonon interaction:
The physical ideais that the first electron polarizes the medium by attractive
positive ions; these excessive positive ions, in turn, attract the second
electron, giving an effective attractive interaction between the electrons.

O If this attractive interaction is strong enough to override the repulsive
screened Coulomb interaction, it givesrise to a net attractive interaction, and

the superconductivity results.

O The cut-off frequency 7 @, of the Cooper pair’s attraction is expected to be of
the order of the Debye frequency, ha, , as a measure of the stiffness of the
|attice.




Superconducting Ground State

Normal state Superconducting

ground state

Cooper Pairs

/ \
Exchange boson:
|—k) Lattice Vibration Mode

* Spin singlet

?v‘  L=0;S=0

* Binding energy: A



Superconducting Ground States

SC Ground State ky

Yecs = H(Uk TV GrClyy )| 0>
k

u, and v, : coherence factor

BCS, Phys Rev 108, 1175 (1957)



Superconducting Energy Gap in 1960

Ivar Giaever
; CURRENT

| Pair Energy Gap A
Pb /M0 g
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Nobel Prizein 1973
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Tunneling junction
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|. Giaever, Phys. Rev. Lett. 5, 147 (1960)
|. Giaever, Phys. Rev. 126, 941 (1962)



(5) BCS Ground State

1. The BCS theory showsthat, with an appropriate attractive interaction between
electrons, the new ground state is superconducting, and is separated by afinite
energy E, from itslowest excited state.

2. With the attractive potential energy of the BCS state, the total energy of the BCS
state will be lower with respect to the Fermi state.

3. The central feature of the BCS state is that one—particle orbitals are occupied in
pairs. if an orbital with the wavevector k and spin up is occupied, then the
orbital with the wavevector —k and spin down is also occupied.

4. Cooper pairs. they have a spin zero, and have/rﬁam\attributes of bosons.

Some what like the
Fermi Dirac Distribution
aT=T,

(@ € — (b) £—=

Non interacting Fermi gas BCSground state

Figure 15 (a) Probability P that an orbital of kinetic energy € is occupied in the ground state of the
noninteracting Fermi gas; (b) the BCS ground state differs from the Fermi state in a region of width
of the order of the energy gap E,. Both curves are for absolute zero.




The BCS Ground State Tinkham, Chapter 2
Singlet wave function, a vacuum state with no particles present
|l/’o> = Z gk Ck1 €Ly |F> (2-11)

k>kpr

Creation operator C,* where |F) = Fermi sea filled up to ke
Annihilation operator C,

Using aHartree self consistent field, or a mean field theory

the BCS Ground state wave function
We> =[] (u+ vl ctyy) | dop (2-14)

where u2+v2=1, and u, = e'¢y,

The pairing Hamiltonian
H = Z €k kg T Z Vit €k €y Oy (2-20)
ko

kl

The gap equatior

: A] Vkl (2'30)

] e
A== =Y 5
= T2 4R M T T3 A

E . =(Az2+E A2 Quasi-particle excitation energy



=¥ if |&| and 14| < ho,

- 2-31
ia { 0 otherwise (2-31)
A for |&| < hw,
= 2-32
= {0 for |&| > ho, 3)
7 In weak coupling limit
w
A= 5 ~ ~ 1/N(O)V 3
sinh [/NQ)V] ~ 2" (2-34) |
TheBCS % ( e ) 1 £
.. v — — - 1 pies )
E(?(I:lrjlgstion ) Ek 2 (AZ D 6;2‘)”2 (2 35)
number




Thermal broadened by KT,

\i—- v kz at7=0
— — Fermi function at 7T

—— — — —

el |

@ -A 0 & = &M
FIGURE 2-1 \~hWD/

Plot of BCS occupation fraction v7 vs.. electron energy measured from the chemical
potential (Fermi energy). To make the cutoffs at + hw_ visible, the plot has been
made for a strong-coupling superconductor with N(0)V = 0.43. For comparison, the
Fermi function for the normal state at T, is also shown on the same scale, using the
BCS relation A(0) = 1.76kT..

Wc~ op>>A=176KT,




Superconducting Excited States

SC Ground State k, SC Excited States K,

Bogoliubov quasiparticle
Wocs = | |(uk+vkc* o} )|O> * *
KTk =u.C ++V,C
K Ykt k=T Tk¥-kd

u, and v, : coherence factor

Bogoliubov, Nuovo Cimento 7, 794 (1958)
BCS, Phys Rev 108, 1175 (1957)



Superconducting Excited States

SC Excited States K,

'Mgmentum

Bogoliubov quasiparticle

*

Vit = WG +VC

Bogoliubov, Nuovo Cimento 7, 794 (1958)



Superconducting Excited States

Superconducting energy gap=2A SC Excited States K,
(T=0)

DOS

Bogoliubov quasiparticle

*

Vit = Ul TVC

Bogoliubov, Nuovo Cimento 7, 794 (1958)



Superconducting Gap

Pair wave function : W, .os = (Wpeslc_is' Crs|Wres) = g(k) X!

Spin part : y (TL =11 S=0
T+ s=1

A(k
Orbital part : g(k) Y(r) o Z &) exp(—ikr)

i Vek)? + Ack)?

Spin Orbital
anti-symmetric (S = 0) symmetric (s, d, ...)
symmetric (S=1) anti-symmetric (p, f, ...)
[=0: swave (conventional SC) IfI>0, y(0)=0
[=1: pwave (superfluid 3He) repulsive interaction

[=2: dwave (cuprate SC) A(k) must change its sign
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Gap Equation

A(K) - Vek + q)? + A(k + q)?

1
AK)=—= >V
() 2; @ Vek + q)? + Ak + q)? 2kpT

Pairing interaction

In conventional BCS, V(q) =-|V] <0: A is always positive.

If V(q =Q) >0 plays arole, A(K) and A(k+Q) have a different sign.

S wave d wave

k y
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v
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energy energy



A = 2ha, e2NOV
BCStheory: | kT.= 1.14 hay, e ZNOV

A(0)/KT,.=2/1.14=1.76, weak el-ph coupling
If A(O)/kT.> 2, strong el-ph coupling

1 _1 ¥ tanh(BEJ/2)
V. 2 E,

B = UKT

(2-50)
Determines the temperature dependence of A(T)

A(T) IAQQ) ~1.74 (1 - T/T)V2
a T~T.

In the mean field theory,
Ay Istheorder parameter !




2-6.1 Determination of 7,

The critical temperature T is the temperature at which A(T) — 0. In this case,
E, — | & |, and the excitation spectrum becomes the same as in the normal state.
Thus, T, is found by replacing E, with |, | in (2-50) and solving. After changing
the sum to an integral, taking advantage of the symmetry of | £, | about the Fermi
level, and changing to a dimensionless variable of integration, this condition
becomes

1 Hehod2 tanh x

NOW .|o x =

This integral can be evaluated and yiclds In (Afi hw, ), where 4 = 29/n ~ 1.13, 7
here being Euler’s constant. Consequently,

kT-= B " = 1.13hae~ 0. (2-51)




Comparing this with (2-34), we see that

A0) 2
KT. 1.3

= 1.764 | (2-52)

so that the gap at T = 0 is indeed comparable in energy to kT.. The numerical
factor 1.76 has been tested in many experiments and found to be reasonable. That
15, experimental values of 2A for different materials and different directions in k
space generally fall in the range 3.0 to 4.5kT_, with most clustered near the BCS
value of 3.5k7..



2-6.2 Temperature Dependence of the Gap
Given (2-50), or its integral equivalent

1 ™ tanh (&% + A?%)'2
NV fo (&% + A%)\2

dé  (2-53)

A(T) can be computed numerically. For weak-coupling superconductors, in which
he /kT. > 1, A(T)/A(0) is a universal function of T//T; which decreases monoton-
ically from one at T = 0 to zero at T, as shown in Fig. 2-2. Near T = 0, the
temperature variation is exponentially slow, since e~ **" x 0, so that the hyperbo-
lic tangent is very nearly unity and insensitive to T. Physically speaking, A is
nearly constant until a significant number of quasi-particles are thermally excited.
On the other hand, near 7., A(T') drops to zero with a vertical tangent, approxi-
mately as

A(T) T 1/2 )
— a 17411 — — T ~ T 2-54
AQ) (‘ T) | @39

The variation of the order parameter A with the square root of (7, — T') is charac-
teristic of all mean-field theories. For example, M(T') has the same dependence in
the molecular-field theory of ferromagnetism.



AT) A(0) = 1.76 kT,
A(0)

FIGURE 2-2
Temperature dependence of the energy gap in the BCS theory. Strictly speaking, this
universal curve holds only in the weak-coupling limit, but it is a good approximation
in most cases.




Low temperature Superconductors

-- Mediated by electron phonon coupling
-- In strong electron phonon coupling, modified
by Elishberg et al
W. McMillian’s formula for T,

T(. (_)D exp ( ] .‘-“ )‘cp)
1.45 Aep — 11* (1 +0.62\p )

A . electron phonon coupling constant
u* . Coulomb repulsion of electrons
A oc N(0O)< 12>/ »?

Are electrons or phonons more important
to give rise to high T, ?



| mportant E&M properties from the BCS theory

(1) We first show that a charged boson gas obeys the London equation. Let
J(r) be the particle probability amplitude. We suppose that the pair concentra-

tion n = Y*yY = constant.

d} — nl/2 eiO(r) .

>

w* — n1/2 e—iO(r) (19)

The phase 6(r) is important
1 1
o= L (o) =L (—av-2s)
m c m c

The particle flux is given by, andfromeqg. (19)

v = (ﬁVG - %A) (20)

that the electric current density is j= qutvip = (ﬁve ik A) (21)
m\ __—c
' nq2 / . X

London equation: curl j = — o B i=—gmz A (22)

B | ondon penetration depth A, = (MCZ4rng?)¥2




(2) Quantization of the magnetic flux through a ring|is a dramatic consequence
of Eq. (21). Let.us take a closed path C through the interior of the supercon-

ducting material, well away from the surface (Fig. 16).

Flux lines

Figure 16 Path of integration C through the interior of a I~ -
superconducting ring. The flux through the ring is the sum
of the flux ®,.,, from external sources and the flux ®,. from

(o .
the superconducting currents which flow in the surface of :
the ring; ® = &, + ®,.. The flux ® is quantized. There is / / \ \
normally no quantization condition on the flux from external

sources, so that ®_. must adjust itself appropriately in order

that ® assume a guantized value.

B and j are zero in the interior. from the Meissner effect
ficVe = gA . From Eq. 20, 21 (23)
We form
éc Vo-dl=6,— 6 (23)°

for the change of phase on going once around the ring.



T) babili Fitsidisabii Ll i fhis eligstonl iGRGH,
so that ¥ must be single-valued and

0 — 0, = 2ms Sisaninteger (24)
where s is an integer. By the Stokes theorem,
§ A-dl=j(curlA)-da=jB-d0'=<D, (25)
c c c

do is an element of area on a surface bounded by the curve C, and ® is
the magnetic flux through C.

® = (2mhclq)s . (26) Sisan integer

Thus the flux through the ring is quantized in integral multiples of 27fic/q.



Flux Quantization: The evidence of pairing of electrons !

By experiment g = —2e O=0q,s Sisan integer

b = 27fic/2e = 2.0678 X 10~7 gauss cm®? = Thc/e

This unit of flux is called a fluxoid or fluxon. (27)

O=0q,, +0, Thetota flux ® isquantized. (28)

ext

There is normally no quantization condition on the flux from external sources,
so that ®,. must adjust itself appropriately in order that ® assume a quantized
value.



Flux Quantization Theory in 1950

* We note that in order for ¥ to be a single-valued function, as required by quantum
mechanies, it 18 necessary that the moduli of x fulfill a kind of quantum condition:

<x> = §ﬁ,,~ds = Kh

where K must be an integer. This means that there exists 2 universal unit for the

fluxoid: .
$; = hefe =2 4.1077 gauss-em?® ~ 2 Iarger

Fritz London

Superconducting ring

© Duke Univ.

Superfluids, Macroscopic Theory of Superconductivity, Structure of Matter Vol. 1 (Wiley, New York, 1950)



Flux Quantization Experiments in 1961

William Fairbank
D] =nhe/y, =nd,

where ® ; = 2.0 X 10~ '°Tesla — m?
Each vortex carries one flux quanta

SC carriers are 2e!

Confirmation of Cooper pairs !

© APS © Duke Univ.

Robert Doll Martin Nabauer

™

© WaltherMeifiner-Institute B. D. Deaver and W. M. Fairbank, PRL 7, 43 (1961)
R. Doll and M. Nzbauer, PRL 7, 51 (1961)



(3) |Duration of Persistent Currents
A fluxoid cannot leak out of the ring and thereby reduce the persistent
current unless by a thermal fluctuation a minimum volume of the
superconducting ring is momentarily in the normal state.

The probability per unit time that a fluxoid will leak out is the product

P = (attempt frequency)(activation barrier factor) . (28)

The activation barrier factor is exp(—AF/kgT), where the free energy of the
barrier is

AF = (minimum volume)(excess free energy density of normal state) .
AF = RE2H?/87 . (29)
exp(—AF/ksT) = exp(—108) = 10~ *:34x10)  (29))

The characteristic frequency with which the minimum volume can attempt

to change its state must be of order of E /&, If E, = 107'° erg, the attempt
frequency is = 107'%/107%7 = 10'* 5!, The leakage probability (28) becomes

7 T
P = l{}lﬂlﬂ—d.adxlﬂ S—lﬁ ]_ﬂ-cl.lexlD g 1 .

The reciprocal of this is a measure of the time required for a fluxoid to leak
out, T = L/P = 10+3x10' ¢
The age of the universe is only 10'® s, so that a fluxoid will never leak out
in the age of the universe, under our assumed conditions. Accordingly, the

current is maintained.




(4) | Typell Superconductors

1. A good type | superconductor excludes a magnetic field until superconductivity
IS destroyed suddenly, and then the field penetrates compl etely.
2. (a) A good type |1 superconductor excludesthe field completely upto afield H,; .

(b) Above H., thefield is partially excluded, but the specimen remains electrically
super conducting.

(c) At amuch higher field, H., , the flux penetrates completely and
superconductivity vanishes.

(d) An outer surface layer of the specimen may remain superconducting up to
astill higher field H.5 .

3. Animportant differencein atype | and atype |l superconductor isin
the mean free path of the conduction electrons in the normal state.

typel,withk =4/ <1
typell,withk =21/ > 1



1. A superconductor istype | if the surface energy is always
positive as the magnetic field isincreased,

2. Itistypell SC, if the surface energy becomes negative,
as the magnetic field isincreased. for H,<H<H,,

The free energy of a bulk superconductor is increased when the magnetic field is
expelled. However, a parald field can penetrate avery thin film nearly uniformly
(Fig.17), only a part of the flux is expelled, and the energy of the superconducting
filmwill increase only slowly as the external magnetic field is increased.

1401

forH <H,

al
al

Norm
Norm

(a) (b)

Figure 17 (a) Magnetic field penetration into a thin film of thickness equal to the penetration
depth A. The arrows indicate the intensity of the magnetic field. (b) Magnetic field penetration in
a homogeneous bulk structure in the mixed or vortex state, with alternate layers in normal and
superconducting states. The superconducting layers are thin in comparison with A. The laminar
structure is shown for convenience; the actual structure consists of rods of the normal state sur-
rounded by the superconducting state. (The N regions in the vortex state are not exactly normal,
but are described by low values of the stabilization energy density.)




Vortex State

In such amixed state, called the vortex state, the external magnetic field will
penetrate the thin normal regions uniformly, and the field will also penetrate
somewhat into the surrounding superconducting material

Type II superconductor
Type 1 superconductor E<)

£x A

B, + B

Alx)

h

0

Figure 18 Variation of the magnetic field and energy
gap parameter A(x) at the interface of superconduct-
ing and normal regions, for type I and type Il super-
conductors. The energy gap parameter is a measure
of the stabilization energy density of the supercon-
ducting state.



Theterm vortex state describes the circulation of superconducting
currents in vortices throughout the bulk specimen.

Abrikosov triangular
lattice, as imaged by
LT-STM, H. Hess et al

Flux lattice of
NbSe, at 0.2K

Figure 19 Flux lattice in NbSe; at 1,000 gauss at 0.2K, as viewed with a scanning tunneling
microscope. The photo shows the density of states at the Fermi level, as in Figure 23. The vortex
cores have a high density of states and are shaded white; the superconducting regions are dark, with
no states at the Fermi level. The amplitude and spatial extent of these states is determined by a
potential well formed by A(x) as in Figure 18 for a Type II superconductor. The potential well
confines the core state wavefunctions in the image here. The star shape is a finer feature, a result
special to NbSe, of the sixfold disturbance of the charge density at the Fermi surface. Photo
courtesy of H. F. Hess, AT&T Bell Laboratories.

The vortex is stable when the penetration of the applied field into the superconducting
material causes the surface energy become negative. A type |l superconductor is
characterized by a vortex state stable over a certain range of magnetic field strength;
namely, between H., and H, .




PHYSICAL REVIEW LETTERS A NOVEMBER 1957

VOLUME 59, NUMBER 12
Juanta In YBa,Cu,04

Observation of Hexagonally Correlated Fl

P. L. Gammel, I J. Bishop, G, J. Dola . AL Murray,

L. F. Schneemeyer, and J.

ATET Bell Laboratories, Murray Hill, New Jersey 07974
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The high=resclution Bitter pattern technigue has been used o reveal the magnetic structure of single-
erystal samples of high=-T, superconducior Y BuaCuaOs al 4.2 K, Typical patterns consist of hexaponally
correlated, singly quantized voriices of flux kes/2e. That is, the siruciures are comparable @ those thin

wiptld he observed in conventional type-11 superconductors under similar conditiong
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FIG. 2. Flux spots in a Y BaxCui05 sample decorated after
cooling in a field of 13 G
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Normal Core .
r)
of Vortex 0

TR
FIGURE 5-1

Structure of an ifsolatcd Abrikosov vortex in a material with x ~ 8. The maximum
value of h(r) is approximately 2H_,.




Estimation of H.; and H .,

The field will extend out from the normal core a distance A into the
superconducting environment. The flux thus associated with asingle (first)
coreismwA?H,, , and this must be equal to the flux quantum @,,.

H ~ ®y/TA? (30)
Thisisthefield for nucleation of asingle fluxoid.

The external field penetrates the specimen almost uniformly,
with small ripples on the scale of the fluxoid lattice.
Each (last) coreisresponsible for carrying aflux of the order of mé?H,, ,

H;, ~ ®,/m§* (31)
Thelarger theratio A/¢ , the larger istheratio of H., to H,,.

Theestimate H.; intermsof H, , we consider the stability of the vortex state at
absolute zero inthe impurelimit £ < 4 ; herex > 1 arethe coherencelength is
short in comparison with the penetration depth.

We estimate in the vortex state the stabilization energy of afluxoid core viewed
as anormal metal cylinder which carries an average magnetic field B,. Theradius
Is of the order of the coherence length, as the thickness of the boundary between N
and S phases.



1
Jesiss = 8—,”1-13 X m¢? (32)

But there is also adecrease in magnetic energy because of the penetration
of the applied field B, into the superconducting material around

Smog = ——8—1;82 X wA? . (33)

f = feore T frmag = $(HZE* — BEA®) (34)
Thethreshold field for astable fluxoidisat f = 0, or, with H.; written for B,,

H /H, = &A . ~1Ux (35)

The threshold field divides the region of positive surface energy from the
region of negative surface energy.

forH<H_,, f>0; for H>H_, f<O0
(30)+(35) | MSAH, = @y (36)
(30) +(31) (Hcchz)l/Z ~ H_ (373)
GH+@7 | H., =~ (1/§)H, = kH, (37b)




Superconducting Energy Gap in 1960

Ivar Giaever
; CURRENT

| Pair Energy Gap A
Pb /M0 g
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-, 40K
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Nobel Prizein 1973
© Schenectady Museum
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Tunneling junction

s i N

Ivar Giaever, Phys. Rev. Lett. 5, 147 (1960)
|. Giaever, Phys. Rev. 126, 941 (1962)



Single Particle Tunneling

If the barrier is sufficiently thin (lessthan 10 or ZOAO\) thereisasignificant
probability that an electron which impinges on the barrier will pass from one
metal to the other: thisis called tunneling.

Figure 20 Two metals, A and B, separated by a thin layer of an insulator C.

(a) (c) (d)

Figure 21 Preparation of an AI/Al,O5/Sn sandwich. (a) Glass slide with indium contacts. (b) An
aluminum strip 1 mm wide and 1000 to 3000 A thick has been deposited across the contacts. (c) The
aluminum strip has been oxidized to form an Al,O4 layer 10 to 20 A in thickness. (d) A tin film has
been deposited across the aluminum film, forming an Al/Al,O,/Sn sandwich. The external leads are
connected to the indium contacts; two contacts are used for the current measurement and two for
the voltage measurement. (After Giaever and Megerle.)



Current
Current

I
|
|

V.
Voltage Voltage
(a) . (h) .
N-N tunneling S-N tunneling
Figure 22 (a) Linear current-voltage relation for junction of normal metals separated by oxide

layer; (b) current-voltage relation with one metal normal and the other metal superconducting,

1. When both metals are normal conductors, the current-voltage relation of it is
Ohmic at low voltages,

2. Giaever (1960) discovered that if one of the metals becomes superconducting,

the current-voltage characteristic changes from the straight line of Fig. 22ato

the curve shown in Fig. 22b. Giaever Tunneling



In the superconductor there is an energy gap centered at the Fermi level.
At absolute zero no current can flow until the applied voltageis

V=E/2e= Ale.

N (E) = E/ (E2-A2)12 S-N tunneling

Current

At T =0, lis finite

Fermi when E > A,
energy ~T> 0
AtT>0,1is>0
~T=0 even for E<A
' - Voltage

le— Ay/e

S N
Semiconductor Energy Model
(a) (b)

Figure 23 The density of orbitals and the current-voltage characteristic for a tunneling junction. In
(a) the energy is plotted on the vertical scale and the density of orbitals on the horizontal scale. One
metal is in the normal state and one in the superconducting state. (b) I versus V; the dashes indicate
the expected break at T = 0. (After Giaever and Megerle.)

The current startswhen eV = A. At finite temperatures, because of electrons
In the superconductor that are thermally excited across the energy gap.



Superconducting Tunneling and Application
by L. Solymar

Chapter 4
&
Chapter 5
&
Chapter 6



4.3 Junctions between identical superconductors

The energy diagram for T = 0°K is shown in Fig. 4.4. All energy levels are
filled up to Ex—A. In thermal equilibrium (Fig. 4.4 (a)) there is no current
flowing. When a voltage V < 2A/e is applied there is still no current flowing
because the electrons below the gap on the left have no access to empty states
on the right. At V = 2A/e (Fig. 44 (b)) there is a sudden rise in current because
electrons on the left suddenly gain access to the states above the gap on the
right. The corresponding current—voltage characteristic is shown in Fig. 4.4 (c).

(a)

Fig. 44 The energy diagram of an SS junction; (@) V=0, (b) V = 2A/e, (c) the I-V

characteristic at T = 0.

2A

Semiconductor Model

(b)

eV=2A

OK

2A/e

4



I(pA)
5ot |-V temperature
i dependence of
S/I/S junctions
Ot
Al-1-Al
T =1.250°K
T. = 1.250K
/ 0.890°K
/ 0.756"K
s T
0.331°K M
0 160 260 360 LSO 560

Viuv)

For finite temperatures there will be some rounding off* of the sharp features
of Fig 4.4 (c) which, of course, depends on the actual temperature (how near it
is to the critical). A very neat set of experimental results (Fig. 4.5) by Blackford
and March [99] shows the temperature dependence of the current-voltage
characteristic for an aluminium-aluminium oxide-aluminium junction. At
1:252°K aluminium is in the normal state and the characteristic is linear. At
1-241°K (a mere 9 millidegrees below the critical temperature) there is already
some sign of the energy gap, and it becomes clearly discernible at 1-228°K,
As the temperature decreases the knee in the curves moves to higher and higher

voltages (corresponding to higher and higher energy gaps). The characteristic
at T = 0-331°K is practically identical to that at 0°K,



4.4 Junctions between superconductors of different energy gap

In the same way as the previously discussed case of identical superconductors,
at T O°K no current flows until the aDDlled voltage IS sufﬁmently large to

ThlS otcurs at an apphed voltage of V = (A +A2)/e as shown in Fig. 46(a)
The current-voltage characteristic (Fig. 4.6(b)) is similar to that shown in
Fig. 4.4 (c) with the sole difference that the current starts rising at a voltage
corresponding to the arithmetical mean of the gap energies.

(a) (b) T=0K
' |
I
24,
T eV
—

Fig. 46 Energy diagram and I-V characteristic of an S, S, junction at T = 0.



T>0K

At finite temperatures we may still assume that the normal electron states
above the larger gap are empty but there are some thermally excited normal
electrons in the smaller-gap superconductor as shown in Fig. 4.7 (a) for the case
of thermal equilibrium.

Applying a voltage the current will start to flow immediately and will increase
with increasing voltage (Fig. 4.7 (¢)) until ¥V = (A, —A,)/e. The energy diagram
for this case is shown in Fig. 4.7(b); at this stage all electrons above the gap
on the left can tunnel across into empty states on the right. What happens when
the voltage is increased further? The number of electrons capable to tunnel
across is still the same but they face a smaller density of states, as shown 1n
Fig. 4.7 (c), hence the current decreases. The decrease in current continues until
V = (A, +A,)/e. At this point (Fig. 4.7 (d)) electrons from below the gap on the
left gain access to empty states on the right, and there is a sudden increase in
current. Thus the current—voltage characteristic of Fig. 4.7 (e) exhibits a negative
resistance in the region

A2—A1 < V <A2+A1
€ e

(3.1)



S/1/S, T>0K

A <A,

(c) (d) (e). ;
* J 4 j:L—r | /
7 Y —
‘ L 2n, ev=apa, lL y
=l 28 |
— S
e e

Fig.4.7 Theenergy diagram and -V characteristicofan S, S, junction at finite temperature ;

(@ V=0 () V=(A—A)/c, (c) (A,—Ayfe<V <(A;+A))fe, @)V =(A +A,;)/e,
(e) the I-V characteristic.



The appearance of|a negative resistance [was reported simultaneously by
Nicol et al. [46] and Giaever [45]. A very convincing characteristic presented
by the latter author for an Al-Al,O;-Pb junction is shown in Fig. 4.8.

The experimentally found dependence [100] of the negative resistance on
temperature is shown in Fig. 49 for a Sn—SnO-Pb junction. The current—
voltage characteristic turns nonlinear when lead becomes superconducting and
the negative resistance appears as soon as tin becomes superconducting as well.
The negative resistance may be clearly seen down to 2-:39°K but not at 1-16°K.
Experimentally the negative resistance always disappears at sufficiently low
temperatures but that may be due to insufficient accuracy of measurement and
to nonideal circumstances.

The presence of a maximum and minimum in the characteristic gives further
help in diagnostic measurements aimed at determining the width of the energy
gaps. In addition, the negative resistance may be used in devices which will be
discussed in more detail in Section 7.1.




¥ Sn-1-Pb
: B T.(Sn)=395°K
= I (Pb)="7.25°K

Arbitrory units
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After Giiaever [45].

Fig. 45 The I-¥ characteristic of an Al-1-Pb junction, both Al and Pb superconducting. j

| 1 1 1 | 1
0 05 1.0 15 20 25
VimV]

Fig. 4.9 I-V characteristics of an Sn~I-Pb junction.



Point contact junctions.| These were developed by Levinstein and Kunzler [122,

~123]in the form shown in Fig. 4.21. The barrier is prepared by heavily anodising
a freshly etched tip of Al, Nb, Ta, etc. The diameter of the junction at the point
of contact was estimated to be less than 10 yum. Tunnelling characteristics were
observed in a large resistance range from 10° to 10° ohm.

The advantage of point contacts is that tunnelling measurements can be made

on materials not accessible in thin film form. Furthermore, the tunnelling is
generally from one single crystal to another since the grain size of the material

both in the tip of the point contact and in the bulk is considerably larger than the
contact area. Notable success of the point contact technique was to obtain the
correct value for the energy gap of Nb;Sn where thin film measurements
consistently gave the wrong value.

was mostly on Lead to
bulk samples I:> theinvention of
STM in 1982 !

Fig. 4.21 Point contact junction. After Levinstein and Kunzler [122].



Josephson Superconductor Tunneling

S-I-S
S-N-S

Such ajunctionis called aweak link.,

1. DC Josephson effect: A dc current flows across the junction in the absence
of any electric or magnetic field.

2. AC Josephson effect: A dc voltage applied across the junction causes rf
current oscillations across the junction.

An rf voltage applied with the dc voltage can then cause a dc current across
the junction.

3. Macroscopic long-range quantum interference: A dc magnetic field
applied through a superconducting circuit containing two junctions causes the
maximum supercurrent to show interference effects as a function of magnetic

fieldintensity.| SQUID |



https://en.wikipedia.org/wiki/File:Point_Contact01.jpg
https://en.wikipedia.org/wiki/File:Point_Contact01.jpg

DC Josephson Effect  Our discussion of Josephson junction phenomena
follows the discussion of flux quantization, let both superconductors be identical.

3 T
m—"’—‘ = #Tws : ik v
it ot

= KTy, . (38)

Here AT represents the effect of the electron-pair coupling or transter interac-
tion across the insulator; T has the dimensions of a rate or frequency. It is a

measure of the leakage of ¢/, into the region 2, and of ¢, into the region 1.

2 ] i r
Let ¥, = ni? ¢'% and Y = n3™ &'®. Then

adll 1 —1/2 i@ am 801
— T +ign—— = —ilyYs ; 39
= 3N = Un o 12 (39)
s _1-1/2 i ans a6,
=3%N5 - € + ilo—— = —iTyy . 40
Py 2 e Yo o= U (40)

We multiply (39) by n}’? e ' to obtain, with|é = 0, — 6,

l r)n1 89] . .
— —+ in;— = —iT(nngx)'"™ €'® . 41
T iny = iT(nyng) (41)

We multiply (4p) by n3” e '* to obtain

1 6112 . 862
Ty 5 o Mo
— 2 ot dt

= —iT(nno)"2 e~ . (42)



Now equate the real and imaginary parts of (41) and similarly of (42):

, eq (41); ’ eq(42)

n )

For the real part —at'l— = 2T(n1ns)"? sin & ; (;;“ = —2T(nyno)V? sin & ; (43)
1/2 1/2

For the imaginary 6_01 = _T(_ni) cos & -3_02_ - _T(_nl) cos o . (44)

part ot n ot na

If n, = ns as for identical superconductors 1 and 2, we have from (44) that

17 065 d

atl T | a® W0 )
: p The phase difference is time
ng _ _om independent !

ot at (6)

the current | of superconductor pairs across the junction depends on

the phase di € O ¢
1e phase difference 8 as ] =Josin 8= Josin (62— 6,) . (47)
J ocdN/dt

where [, is proportional to the transfer interaction T. The current J, is the
maximum zero-voltage current that can be passed by the junction. With no
applied voltage a de current will flow across the junction (Fig. 24), with a value
between J, and —J, according to the value of the phase difference 6, — 6,. This
is the dec Josephson effect.
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Figure 24 Current-voltage characteristic of a
Josephson junction. Dc currents flow under zero
applied voltage up tq a critical current i} this is the
dc Josephson effect. At voltages above V. the junc-
tion has a finite resistance, but the current has an
oscillatory component of frequency w = 2¢V/h: this

is the ac Josephson effect.
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FIG. 1.1--(a) The geometry of our oxide layer tunnel junctions.
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(b) An idealized current-voltage characteristic show-
ing quasiparticle (Giaever) and pair (Josephson)
tunneling through the barrier.




AC Josephson Effect

Under a dc voltage V
We can say that a pair on one side is at potential energy —eV and a pair on the
other side is at eV.

ifi /ot = ATy — eViy; ih dlat = ATy, + eV . (48)
Follow Eqg. 41
1 4 a0 :
¥ % T inl—atl = ieVmh~! — iT(nno)"? €'® . (49)

This equation breaks up into the real part
Iny/ot = 2T(nyns)"? sin 8 (50)
exactly as without the voltage V, and the imaginary part
80,/at = (eV/Ih) — T(ny/ny)"? cos & (51)
which differs from (44) by the term eV/h.

1 an a0 :
Follow Eq 42 ,E a:' + ing 2 _ - eVn_qﬁ—l e iT(nlng)l/'z e—nS

, (52)



Ingldt = —2T(nyny)"® sin 8 ; (53)
899_/6t o —(eV/ﬁ) - T(Tll/ng)”z cos 0 . (54)
with n; = ny,

d(0; — 0,)/ot = adlot = —2eVIh . (55)

relative phase of the probability amplitudes vary as

o(t) = 86(0) — (2eVitih) . (56)

= Tl 9 The phase is
J=Josin [0}~ le¥eig] | dependent on time. (57)

The current oscillates with frequency

w = 2eV/h . (58)

This is the ac Josephson effect. A dc voltage of 1 uV produces a frequency of
483.6 MHz. The relation (58) says that a photon of energy Aiw = 2¢V is emitted
or absorbed when an electron pair crosses the barrier.

To be used for a precise measurement of h/e




Macroscopic Quantum I nterference.

We consider two Josephson junctions in parallel, as in Fig. 25. hc VO = qgA
Junctiqrf_ah]s"lamr a

0,-0,=(2e/hc)® eq. (59)

Ja (: - S
% Figure 25 The arrangement for experiment on mac-
_.m§ ®B _ roscopic quantum interference. A magnetic flux &
e Sll. % 322 passes through the interior of the loop.
N

NS
p |
Jun Ctlm}gsnlator b

Now let the flux ® pass through the interior of the circuit.
By (59), &, — 8, = (2e/hc)®P, or

Sy=8p+—® ; 5, =8 ——b . (60)
fic fic

The total current is the sum of J,and J,.

ed
Jrotal =Ja + ]b=]o{sin (80 + ;;C(D) + sin (80 — -;—Cd))} =|2(Jo sin &p) cos — |

The current varies with ® and has maxima when

eD/fic = s, s = integer . (61)




Double slit diffraction pattern for two tunnel junctions
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FIGURE 6-5

Dependence of maximum supercurrent through symmetrical two-junction
superconducting interferometer (SQUID), shown schematically in Fig. 6-4.

Tinkham, Chapter 6, p. 203.



Single slit diffraction for single tunnel junction

/
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Figure 6-3

Dependence of maximum supercurrent through a single Josephson
junction upon the flux threading the junction. The resemblance to
the “single-slit” diffraction pattern of opticsis evident.

Tinkham, Chapter 6, p. 199



The periodicity of the current is shown in Fig. 26.

1.

Current

The short period variation is produced by interference from the two junctions,
as predicted by (61).

The longer period variation is a diffraction effect and arises from the finite
dimensions of each junction.

Two separate junctions, A and B

| L | 1 | I | | | | | L - | | T | | | ] i =y |

-500 —400 300 =200 ~100 0 100 200 300 400 500
Magnetic field (milligauss)

Figure 26 Experimental trace of J,,.. versus magnetic field showing interference and diffraction
effects for two junctions A and B. The field periodicity is 39.5 and 16 mG for A and B, respectively.
Approximate maximum currents are 1 mA (A) and 0.5 mA (B). The junction separation is 3 mm and
junction width 0.5 mm for both cases. The zero offset of A is due to a background magnetic field.
(After R. C. Jaklevic, J. Lambe, ]J. E. Mercereau and A. H. Silver.)



5.2 Photon-assisted tunnelling Read the Book of Solymar

The tunnelling current may be modified by illuminating the junction with
electromagnetic waves. It is easy to see that if the energy of the incident photons
is in excess of 2A they will break up Cooper-pairs and create two electrons above

the gap as shown in Fig. 5.5(a). Since the number of electrons above the gap
increases this way above its equilibrium value, some of these extra electrons will
tunnel across the barrier (Fig. 5.5 (b)) creating thereby an extra current. We shall
return to this problem in Section 7.2, for the moment we shall concentrate on the
case when the energy of the incident photon is insufficient to break up a Cooper-
pair. Influence on the tunnelling characteristics is still possible then if the
photons act jointly with the applied voltage.

(a) T =0K (b)

)"mu»ZA1
Ge < > 9

R "

.P_.._o....- | J}------.
el=A, ‘Az el=4, ‘Az
e ————— ’ ------

Fig. 5.5 Effect of incident photons on a tunnel junction; (a) a photon creates two electrons
by breaking up a Cooper-pair, (b) one of the electrons created tunnels across.




Let us take T = 0°K again and recall the case when V = (A, +A,)/e. Then a
Cooper-pair may break up into two electrons, one of them tunnelling across the
barrier as has been shown in Fig. 4.12. If V < (A, +A,)/e no current flows. A
Cooper-pair breaking up could not cause a current because the transition
shown in Fig. 5.6 (a) with dotted lines is not permissible. However, if a photon

of the right energy is available the liberated clectron may follow the path shown
in Fig. 5.6 (b) and get into an allowed state just above the gap. We may say that
the electron tunnelled across the barrier by absorbing a photon, and refer to the
phenomenon as photon-assisted tunnelling. The mathematical condition for the
onset of tunnelling current is

how = A, +A,—eV. T = 0K (5.1)
(a)
for eV <A;+A, i s/
A, ___L_: A, "i-\w
al/ @ IA el \zhw J
j ------ A R | 2

Fig. 5.6 (a) Tunnelling not allowed. (b) Tunnelling allowed if assisted by a photon.



If the energy of the photon is above this value tunnelling is still possible, though
with a reduced probability because of a less favourable density of states. If the
energy of the incident photon is below the value given b uation (5.1) tunnel-
ling may still be possible with the aid of a|multi-photon process.lAn electron
absorbing for example three photons simultaneously may tunnel across the
barrier in the way shown in Fig. 5.7 (a). Hence we may expect sudden rises in the

tunnelling characteristics whenever the condition
T = 0K nhw = A, +A,—eV (5.2)

is satisfied, that is for a serigs of voltages in the range 0 < V < (A, +A,)/e.

(a) {b)
! A E——1

eV \\ 2:: A,
| EEERR | | Py eV

nh(D:A1+A2'eV r ......

Fig. 5.7 Tunnelling assisted (a) by of three photons, (b) by of three
photons.




For eV >A, + A,

When V > (A, + A,)/e we know that a tunnelling current will flow even in the
absence of an incident electromagnetic wave. However, if photons of the right
energy are available they can assist the tunnelling in this case as well, as shown

in Fig. 5.7 (b) for a three-photon process. A Cooper-pair breaks up; one of the
electrons goes into a state just above the gap on the left, and the other electron
tunnels across into the superconductor on the right at an energy demanded by
energy conservation (the sum of electron energies must equal the energy of the
Cooper-pair). This process would occur with much higher probability if the

electron could tunnel into the high density states lying just above the gap on the

right. In Fig. 5.7 (b) this becomes energetically possible when three photons are
emitted at the same time. Thus the mechanism of current rise is photon emission
stimulated by input photons. For an n-photon emission process the current rises
occur when

T = 0K - é(A1 +A, + k). (5.3)




T>0K

For finite temperatures there is one more instance where electrons tunnel
between maximum density states and that occurs pt V = (A, —A 1)/e,| as shown
in Fig. 5.8 (a). Tunnelling between those states may also be assisted by photons
as shown in Figs. 5.8 (b and c¢) for photon absorption and emission respectively.
In general, multi-photon absorptions and emissions are possible again, and thus
for finite temperatures there is another set of voltages,

= %(Az—A1+mhw), m= +1,+2, +3 (5.4)

at which current rises can be expected.

(a) (b) | (c)
_ 1t hw ) ®
A s - A1 L -0 Az A1* ------- } hw
% H— eVy— e i
[Py lAz 1 eV IAz

Fig. 5.8 Tunnelling between maximum density states at finite temperature (a) directly,

(b) by photon absorption, (c¢) by photon emission.




The first experiments on tunnel junctions in the presence of electromagnetic
waves were performed by Dayem and Martin [57] using junctions between Al
and Pb, In or Sn. The frequency of the electromagnetic wave employed was
38-83 GHz so the experimental solution was to place the sample inside a cavity.
The current-voltage characteristic was measured and rises in current were
indeed found as may be seen in Fig. 5.9 (a) where the solid and dotted lines show
the characteristic in the absence and presence of microwaves respectively.

Quantitative explanations were given nearly simultaneously by Tien and
Gordon [58] and_Cohen, Falicov and Phillips [126]. The methods in their
papers were different but obtained essentially the same results. Cohen, Falicov
and Phillips assumed that the magnetic field of the microwaves modulates the
energy gap, whereas Tien and Gordon added an electrostatic perturbation term
to the Hamiltonian. We shall follow here the latter derivation.
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Fig. 5.9 (a) I-V characteristic of an Al-I-In junction in the absence (solid lines) and
presence (dotted lines) of microwaves of frequency 38-83 GHz Measurements by Dayem
and Martin, quoted by Tien and Gordon [58].



The simplest assumption one can make is to regard the junction as a capaci-
tance with a time-varving but spatiallv constant electric field between the
plates. Regarding the potential of one of the superconductors (2) as the reference
we may argue that the only effect of the microwave field is to add an electro-
static potential of the form

V¢ cos wt (5.5)

to the energy of the electrons in the other superconductor (1). Hence, for
electrons in superconductor (1) we may use the new Hamiltonian

H = H,+eV,cos wt (5.6)

where the first term is the unperturbed Hamiltonian in the absence of micro-
waves.

If the unperturbed wavefunction was

¥,(x,y, 2. t) = f(x,y,z) exp (—iEt/h) (5.7)

then the solution for the new wavefunction may be sought in the form

¥(x,y,z,t) = Wolx,y,2,1) i B, exp (— inwt). (5.8)

n= — oo




Substituting Equation (5.8) into Schrédinger’s equation
ik

RY = = (5.9)
we find
eVr
2nB, = 2 (B,+1+ B, 1) (5.10)
which is satisfied by [101]
Bn =0 Jn(eV;'f/hw) (5°]1)

where J, is the n,, order Bessel function of the first kind. The new wavefunction
is then

W(x, y,2,t) = f(x, 3, 2,1) exp (—iERt) 3 J,(@)exp (—inwt), | (5.12)

n= —a

where

€ V,-f

a=hw.

(5.13)




It may be seen that in the presence of microwaves the wavefunction contains
components with energies

E,.E+hw, E+2ho,... (5.14)

respectively. Without the electric field, an electron of energy E in supercon-
ductor (1) can only tunnel to the states in superconductor (2) of the same energy.
In the presence of the electric field, the electron may tunnel to the states in

superconductor (2) of energies E, E+hw, E+2hw, etc. Let N,,(E) be the un-
perturbed density of states of the superconductor (2). In the presence of micro-
waves we then have an effective density of states given by

NyE)= S NyolE+nhw)J2() (5.15)

n==—ao0

We may now obtain the tunnelling current by substituting Equation (5.15)
into the general expression Equation (2.14), yielding*



The tunneling current equation, Tinkham (2.14)

o0

= A i J (@) JNI(E—eV)NzO(E+nhw)[f(E—eV)—f(E-l-nha))]dE

n= —aoo
o0

— A Y PO,V +nho) (5.16)

R==00

where [,(eV) is the tunnelling current in the absence of microwaves.
In the limit Aicw — 0 it may be shown (see Appendix 5) that the above expression
reduces to the classical value

1 1!/2
= = J I,(V + V¢ sin wt) d(wt). (5.17)
—nr/2

The comparison between theory and experiments has a long and tangled
story. The first attempt was made by Tien and Gordon [ 58] who could repro-

duce the experimental results of Dayem and Martin [57] by taking a = 2 as
shown in Fig. 5.9(b). The experimental value of « (that is the voltage in the
junction) was, however, not known. Estimates by Tien and Gordon indicated a
discrepancy as large as an order of magnitude.
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To prove the point that it is the spatial variation which is responsible for the
discrepancy, Hamilton and Shapiro [135] conducted another series of experi-
ments on a very small (hardly overlapping in an in-line geometry) junction. The
results then did agree with the Tien—Gordon theory as shown in Fig. 5.15.

Two more proofs in favour of the Tien—Gordon theory are the measurements
of Hamilton and Shapiro [135] at 200 Hz where V,; could be easily measured

and the microwave experiments of Longacre and Shapiro [137] conducted on
point contact (that is, very small) junctions.
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Fig. 5.05 Same as Fig 5.14 for a very small junction. After Hamilton and Shapiro [135],



Observations of quasi-particie tunneling and Josephson behavior
in Y{Ba;Cus;0,_, /native barrier/Pb thin-film junctions

J. Kwo, T. A, Fulton, M. Hong, and P. L. Gammel
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

{ Received 4 December 1989; accepted for publication 20 December 1989)

Low-leakapge, thin-film planar tunnel junctions made of Y,Ba,Cu,0, _/native barrier/Pb
were fabricated. The Y ,Ba,Cu,0, | films were prepared by in situ molecular beam epitaxy
aided with an activated oxygen source. The as-grown, smooth superconducting perovskite film
sarface exhibits quasi-particie tunneling characteristics very similar to the etched bulk single-
crystal data. The results in agreement are a linear dependence of the normal-state conductance
on voltage, a gap-like structure at ~ 20 mV, asymmetric modulations up to 50 mV, and a finite
zero-bias conductance at low temperature. Junctions of lower resistance show, at temperatures
below T. of Pb, the development of a supercurrent at zero bias and associated hysteretic
subgap structure, with a typicai /.R ~0.5 mV. Josephson-like behavior occurred in response to
applied magnetic field and microwaves.
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Josephson current

1. Singledlit diffraction pattern under B field
2. Shapiro stepsin AC microwaves

FEG. 3. Supercurrent and assoicated subgap structure at 1.5 K of a junction
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6.9 Strong coupling superconductors

The most convincing proof of the validity of the BCS theory came from tunnel-
ling measurements but it became clear from the same measurements that some
superconductors behaved somewhat differently. Giaever and Megerle [69]
observed that the temperature dependence of the energy gap of lead obeyed
the BCS theory only if they used the experimentally obtained value of A(0).
The ratio 2A(0)/kT. was found to be 4-3, well above the BCS value of 3-52. A
year later Giaever, Hart and Megerle [ 66 | found a small but significant deviation
from the BCS density of states when plotting a(V) as shown in Fig. 6.18. The
crossover point is at about k), the Debye energy suggesting immediately (low

Debye energy implies strong electron-phonon interaction) the cause and the

direction in which the BCS theory should be modified. In fact, more general

theories were already available. [Eliashberg [68] had already derived his gap

equation taking into account both the electron—phonon matrix element and the
phonon spectrum, but before the strategic attack upon this equation a number of
tactical advances were necessary to make it sure that the experimental results
were in line with the theoretical predictions. The story of these efforts is reviewed
by Rowell and McMillan [165]; we shall briefly outline here the major steps in
the process.
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Fig. 6.18 Normalised differential conductance as a function of normalised voltage for a
Pb-I-Mg junction. The structure shown in the curve signifies deviation from the BCS

theory. The cross-over point corresponds to the Debye energy. After Giaever, Hart and
Megerle [66].



Electron-Phonon Interaction by Tunneling Spectroscopy
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Fig. 6.19 First and second derivatives of the I-V characteristic as a function of voltage for
an Al-I-Pb junction. After Rowell, Chynoweth and Phillips [219].



Morel and Anderson [218] approximated the effective phonon density by an
Einstein peak at the longitudinal phonon frequency w, and predicted structure
in the tunnelling density of states at energies nhw,. Subsequent measurements
by Rowell et al. [219] (on Al-I-Pb junctions at 1:6°K) of the second derivative
of the I-V characteristic did indeed produce the expected structure as shown in
Fig. 6.19. The peak positions are given empirically by the formula

E = A'+nf (6.2)

where A' agrees roughly with the value for half the energy gap and 0 = 37
meV i1s in the range of appreciable transverse phonon energies measured by
neutron diffraction.

A refinement of the theory by Schrieffer et al. [220] was matched by further
refinement of the experimental techniques [221]. By assuming the phonon
density in the form of two Lorentzian peaks (representing the transverse and
longitudinal phonons respectively) shown in Fig. 6.20 (b) and taking reasonable
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Fig. 6.20 (a) The normalised differential conductance as a function of voltage (zero shifted

by A/e), 1: BCS theory, 2: theory by Schrieffer et al. [ 220], 3: experimental results by Rowell,
Anderson and Thomas [221]. (b) The phonon spectrum assumed by Schrieffer et al. [220].
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values for a the electron—phonon coupling and u* the Coulomb pseudo-
potential (a parameter entering the Eliashberg gap equation) a theoretical
curve was obtained for a(V) in excellent agreement with tunnelling data (Fig.
6.20 (a)). Second derivative measurements [221] (Fig. 6.21) did in fact show
considerably more structure for which the theory of Schrieffer et al. [220]
could not account. These came to be identifi v
measured by neutron diffraction [222]. Although the relationship of this last
structure to the density of states was explained by Scalapino and Anderson [223]
the conviction grew that a frontal assault on the Eliashberg equation had become

feasible.
d 1
¥ r\\
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Fig. 6.2] The second derivative of the I-V characteristic as a function of voltage (zero
shifted by A/e). Arrows indicate the voltage for Van Hove singularities on the basis of the
neutron diffraction experiments of Brockhouse er al. [222]. After Rowell, Anderson and
Thomas [221].



The method used by McMillan and Rowell [67] is based on the fact that in
Eliashberg’s theory the electron-phonon coupling constant weighted by the
phonon density of states a*(w) F(w) is uniquely related to the electronic density
of states (as measured by tunnelling experiments). Hence besides working out
the density of states from phonon data it is also possible to invert the Eliashberg
equation and get the phonon data from the measured tunnelling characteristics.
With the aid of a computer a*(w)F(w) and y* are adjusted until the computed
density of states accurately fits the measured density of states for E < kd,,.
Examining the agreement for E > kf, the accuracy of the Eliashberg equation
can be tested. The results of this rather difficult exercise may be seen in Fig. 6.22
where theory and experiments are compared. The experimental points below
E—A = 11 meV were used for determining the ‘input’ quantities, and the points
above that are to be compared with the theory. It is remarkable that an experi-
mental curve as complicated as that can be theoretically reproduced. McMillan

and Rowell [166] conclude that our present theories of superconductivity are
accurate to a few percent.*

All the experiments mentioned so far were concerned with the properties of
lead. The other strong-coupling superconductor, mercury (with 2A/kT, = 4-6),
was less thoroughly investigated but the available data [225-226] suggest
similar conclusions.
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Fig. 6.22 The density of states for lead related to the BCS density of states as a function of
energy (zero shifted by A). In the experiment the sharp drop near 9 meV is affected by thermal
smearing. After McMillan and Rowell [165].



Next we shall briefly review the tunnelling experiments on lead-based alloys.
The effect of a small amount of indium on the phonon spectrum was investigated
by Rowell, McMillan and Anderson [227] using the inversion technique
described above. The results for a*(w)F(w) are shown in Fig. 6.23. The additional
structure at hw = 9-5 meV is due to the presence of an ‘impurity band™** The
impurity band is still present at higher indium concentrafions as reported by
Adler er al. [228]. The value of 2A/kT, slowly decreases wjth increasing indium
concentration; it is 434 at 2 atomic percent indium reducing to 420 at 70

atomic percent indium.
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Fig. {523 The phonon spectrum a*(w)F(w) obtained by the gap inversion technique. The
localised phonon mode of the light indium impurity may be seen at about 9-5 meV. After

Rowell, McMillan and Anderson [227].



Summarising, the present state of affairs is that besides thin tunnel junctions
and point contacts, discussed in connection with normal electron tunnelling,
we have some other geometries as well displaying the characteristic effects (like
induced steps in the I-V characteristics, quantum interference, radiation, etc.).

The various geometries are shown in Fig. 8.6. The superconducting thin film
bridge (Fig. 8.6 (a)) was developed by Dayem and it 1s often referred to as the
Dayem bridge. It consists essentially of a narrow constriction of the order of
(1 um)* between two superconducting films.

A variation of the thin film bridge is the Notarys bridge [363] shown in Fig.
8.6(b). This relies on the proximity effect to cause weak sup-erconductivity.
There is first a layer of normal metal evaporated, and then the superconductor
forming the bridge. The ‘weakness’ is controlled by the relative thicknesses of the
normal and superconducting layers.

The solder junction (Fig. 8.6(c)) was developed by Clarke [338]. It is very
simple to make; one simply has to dip a piece of oxidised wire into molten
solder. When the solder freezes tight mechanical contact is established and the
junction is ready. Its disadvantage is that the junction is not clearly defined.




The point contact junction is also widely used but not necessarily in the same
form as for single particle tunnelling. Then the presence of the insulating layer
is essential for displaying tunnelling characteristics. The Josephson effects may,
however, be observed whether there is an insulating layer or not. If the two
superconductors are in contact then we have a bridge. In actual experiments
very often we do not even know whether we have a weak link or a tunnel
junction. Take for example the point contact junctions developed by Zimmerman
and Silver [341]. They used superconducting screws with lock nuts pressed

against a superconducting surface through a Mylar spacer (Fig. 8.6(d)). There
is no way of knowing whether there is a direct contact between the super-
conductors or not. All the measurements can tell us is that there is a difference
in the I-V characteristics (the increase in the maximum supercurrent can be
clearly observed) as more pressure is applied, leading eventually to a ‘strong
link’, 1.e. a proper short-circuit.




Weak Links
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Fig. 86 Weak links exhibiting properties similar to those of Josephson junctions. (a) A
superconducting thin film bridge (Dayem bridge), (b) a superconducting thin film bridge
with a normal metal overlay (Notarys bridge), (c) Clarke’s solder drop junction (d) double
point-contact junction developed by Zimmerman and Silver [341].



Let us discuss now briefly that in what sense does a weak link resemble to a
tunnel junction. There is no difficulty as far as the d.c. Josephson effect is
concerned. At low currents there is no voltage across the weak link but as the
current is increased the weak link will first turn resistive. This is because it has a
smaller cross-section and thus a higher current density or (as in the Notarys
bridge) it has a lower critical temperature. So we may say that it is true both
for tunnel junctions and for weak links that there is no voltage up to a certain
current and finite voltage above a certain current.

It 1s somewhat more difficult to envisage the a.c. effects. We can no longer
appeal to the simple physical picture that the tunnelling Cooper pairs radiate
out their energy. There is though a simple heuristic argument (due to Mercereau
[364]) which can justify the presence of an a.c. supercurrent. The argument (in
an abbreviated form) runs as follows.




A voltage across the weak link will effect both the normal and the super-
conducting electrons. The superconducting electrons will be accelerated
according to Newton’s Law

dv ¢

— =1 8.7
dt m &)

where the electric field & is sustained by the normal electrons. It is known,

however, that when the superconducting electrons reach a certain velocity

(say v.) their density vanishes. But then there is only an electric field across the

weak link which on its own cannot quench superconductivity; hence the

superconducting electrons reappear and the whole process repeats itsellf.

Let us now make a rough calculation of the time needed to accelerate the
superconducting electrons to a velocity v.. For a constant & we get

mu,

qg. (8.8)

T =



Assuming that the electric field is constant over one coherence length (the
shortest distance over which the density of superconducting electrons can
change), the voltage across this region is given by

V= §&¢ (8.9)

Expressing further the final momentum in terms of the coherence length by
the relation

h
my, = : (8.10)
where mu, 1s the uncertainty in momentum, we get
.
qV
for the period of this ‘relaxation oscillation’. Hence the angular frequency is
W = % (8.11)

which agrees with Equation (8.3). So we managed to show (by hook or by crook)
that weak links have the same radiation properties as tunnel junctions. In fact,
the difference between tunnel junctions and weak links is not so much in the
basic processes but rather in the circuits they represent to the outside world.




For most purposes a junction may be adequately represented by the parallel
combination of an ‘ideal’ junction (one which carries a supercurrent only) a
resistance and a capacitance. The main differences between tunnel junctions,
point contacts and bridges are in the respective values of these circuit elements.

For a Josephson current of I, = 10 pA, the range for practical junctions is
shown in Table 8.1 [365]. It is then obvious that, for example, for high frequency
operation (microwaves or above) the point contact is superior to the tunnel
junction. The relative values of the circuit elements play an important role in
determining the I-V characeristics as well. This will be discussed in Chapter 11.

Table 8.1

1, 1/G (for V < 2A) C
Thin film tunnel junction 10 uA > 100 ohm 100 to 1000 pF
Point contact 10 uA 1G to 100 ohm 1 to 1000 pF

Thin film bridge 10 A <1 ohm 1 pF




Circuit Representation

11.2 Capacitive loading; constant conductance

The circuit we are considering here (Fig. 11.1(a)) consists of an ideal current
generator feeding current into the parallel combination of a Josephson junction,

(a)
l -— [=constant
JOSGD'ISOD
junction 'E,L % T ¢
(b) L
/00—
Point contact junction = G 1V=oonstont

Fig. 11.1 Circuit representations of real junctions. (@) Thin film tunnel junction made up
by an ‘ideal’ Josephson junction (satisfying the I = I,sin ¢ relationship), an ohmic con-
ductance and a capacitance; analysed for a constant current input. (b) An approximation
to a point-contact junction taking account of parallel conductance and series inductance;
analysed for a constant voltage input.



an ordinary ohmic-conductance and a capacitance. We have then a supercurrent

I,sin ¢ (11.1)
through the Josephson junction, an ohmic current
GV (11.2)
through the conductance and a capacitive current
dv
C— 11.3
¥7 (11.3)

through the capacitance. The sum of these three components should be equal
to I, the current supplied by the generator. This is not really new. We have met
all these components of current before; taking the current (more correctly the
current density) in the form of Equation (9.34) and adding the displacement
current, we get an equation expressing the same relationship

dV

I =I,sin¢+GV+CI. (11.4)
Expressing the voltage with the aid of the phase (Equation (9.17)) the above
equation reduces to dolot = qV/h
hCd*¢ hGdg :
= I . 11.5
I » dt2+q dt+,sm¢ (11.5)




Scanning Tunneling Microscope (STM)

Heinrich Rohrer & Gerd Binnig (1983)
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Quantum Tunneling

Erwin Schrodinger

Classical

Impenetrable
barrier

Nobel Prize in 1933 Tunneling

effect
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B. Bleaney, Contemp. Phys. 25, 315 (1984)



Constant Current Topography

E=eV
[(7,2,V) x exp(—ZK(F)z)f LDOSsqmpie(7, E)AE
0

where k(7) = Vzm@@/ﬁ~1ﬁ‘1

-‘.‘ S27a% ®
Si(111) 7x7

© Omicron Nanotechnology GmbH



Tunneling current

E=eV
[(7,2z,V) x exp(—2k(7)2) f LDOSsqmpie (7, E)dE
0

where k(7) = Vzmw(F)/h~1A‘1

Sample




Tunneling Spectroscopy

Local Density of States : 5_11/ (7, V) & LDOSsgmpie (T, E = eV)

I(V+AV Sinwt) = I(V)+§—\I/AVsina)t+...

Point Spectrum Modulation, dV




Superconducting Energy Gap by STM

Tetsuo Hanaguri

© RIKEN

dl/dV(arb.)

Energy resolution is thermally limited.

2H-NbSe,, T.= 7.1 K, measured at T ~ 0.4K
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Scanning Tunneling Spectroscopy (STS) Mapping

Atomic resolution energy resolved conductance images, g(1,E) o« LDOS(1,E)

Energy resolution < 0.35meV at T=1.2K

16

12
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0
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LiFeAs



Atomic Resolution Energy Resolved Images, LDOS(r,E)

~5M dI/dV(r,E):

>50ms each with S/N~100

Total measurement > 72 hours
Requires < 101> m STM-tip vibration
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Our Resolution and Stability

STM Tip on Piezo Scanner Taipei 101

509m

@Wikipedia

0.5pm/6mm — 42nm/509m!



Ivar Giaever

Nobel Prize 1973

The best way to do science is not to buy a big piece of
expensive equipment and use it to do research. There
are lots of other people who have the same big
expensive equipment. The best way to do science is if
you can make your own equipment, make your own

thing.

- Ivar Giaever, BCS@50 Conference, 2007
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Nb tunnel junctions for
Josephson device applications



Nb/Al/oxide/Pb junctions

Nb JOSEFHSON TUNNEL JUNCTIONS WITH THIM LAYERS
0OF Al MEAR THE BARRIER
M. Gurvitch, J. M. Rowell, H. A. Huggins,
dhl'”-ei M. A. Waghington and T. A. Fulton
Bzll Laboratories
Murray Hill, New Jersey 07974
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S s e Artificial tunnel barrier made of oxides
Overlayer Structures olFY:'b with Thin Mg, Y and Of thln Sl, Mg’ Y1 and Er

J Kwo
G. K. Wertheim
M, Guriich
D. N E. Bucharnan

Bell Labomtories
Murray Hill, New Jersey 07974
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Fig. 2 Current-voltage characteristic of junctions of . .
(a) Nb/16.6A Mg-oxide/Phy 4Bi, |, R = 21.70 Fig. 3 XPS data for a sample of Nb/30A Y overlayer

(b) Nb/Y 8.7A Y-oxide/Pby¢Biy,, R = 1810 E;J} ?fl;‘d
(c) Nb/Er 4.5A Er-oxide/Pby ¢Bis,, R = 209 (o ND 3d

The junction area is typically of 1.3 % 107 %em?.
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Superconductivity tunneling into
the A-15 compounds



A-15 compound A;B, with T, =15-23 K

With three perpendicular linear chains of A atoms on the cubic face, and
B atoms are at body centered cubic site

frod | [1od

[0 $ 1]

Fig. 34. (@) The position of A and B atomsin the unit cell of an AsB compound
possessing the 5 -W structure. (b) The Fermi surface of an AzB compound in the tight
binding, nearest neighbors approximation. There are three degenerate bands
corresponding to electrons|ocalized on the three families of chains,

1973 Nb,Ge, 23K !



Low temperature Superconductors

-- Mediated by Electron phonon coupling

-- strong electron phonon coupling, McMillian formula for T,

T(, (-)D exp (] Lp)
l 45 )\cp — ,U ( T 0.6‘_/\cp)

A . electron phonon coupling constant
u* . Coulomb repulsion of electrons

L oc N(O) < 12>/ @?

Are electrons or phonons more important?



CURRENT (ARBITRARY UNITS)

1L
i

Superconductivity tunneling into the A-15 compounds
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Superconducting tunneling into the A15 Nb3Al thin films
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O Native Oxide of Nb is no good!

O Artificial tunnel barrier
-- Use of a thin amorphous Si oxide 15A thick,
excellent !

Current-voltage characteristics at 4.2 K of A15 Nb-Al
(of 21.5 a. % Al) tunnel junctions with the thickness
of the a-S overlay varying from 0 to 45A.
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Tunneling as a materials diagnosis

Nb-AL-a-Si0, —Pb
4.2 K

PHASE SPREAD
DERPQSITION

I8 at.% AL

" 19 af, % Al

e

21.5 ah. % AL

22 at. % Al

] L 1 |

0 I 2 3 4

VOLTAGE (mv)

Al %T TcT

Al%nT AT

Current voltage characteristicsat 4.2 K of a
series of A15 Nb-Al junctions obtained
from a phase-spread deposition at 950 °C.
Thethickness of the a-Si overlay isof 15A.
The A15 phase boundary isat 21.8 at. %0 Al.



Self-Epitaxial Growth

5000A NbyAl,

675§ Nb, AL,
15A S

5000A Nby, Al
675A Nb,Al,

15A S

Configuration for the self-epitaxy
deposition in the constant phase
direction at 950 °C. The epitaxial
layer thicknessis varying from zero
at one end of the ten substratesto 675
A at the other end.

CONSTANT PHASE CONFIGURATION



The use of tunneling to probe the highest T, layer via self-epitaxial growth

Nb-A£~Q-SiOy—Pb Nb-A2—a-Si0y—Pb
o 90A ¢ 904
o o 105A @ o 105A
= x 120A L o 1204
o (=]
2 a |150A =2 x 135A
x & a |65A
< <1
o o
HE 58
i) m
ar = o
< [ i =
- T o o ==
- A |65i:‘: ~ 195 A .
= =
5| + 2104 e
x = 330A i
3 o 4804 o
¢ 660A
(a)
L+ + 1 |
0 I| 2 3 4 5
VOLTAGE (mV) VOLTAGE (mV)

(a) Current vsvoltage at 4.2 K of a series of tunnel junctions on the (A)-row self-epitaxial
samples with epilayer thickness d systematically increasing from 90to 660 A. The
composition of the epilayer isof 23 at. % Al. (b) The same for the (B)-row self-epitaxial
sample. The composition of the epilayer is of 24 at. % Al.



Electron —phonon coupling strength vs composition

50 ——
» Nb-Ge
4.5 ¢+ Nb-Al
* Nb-Sn
4.0
BCS
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|_m 35 | "
7 i |
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ATOMIC PERCENT (Ge, Al, Sn)

The variation with composition of the electron-photon coupling
strength 2A /kg T, for the A15 Nb;Sn, Nb;Al. And Nb;Ge.



The origin of this dramatic change of the electron phonon coupling strength of
Nb.,Al with the composition approaching the A15 phase boundary is not well
understood. An insight can be gained from referring to the analytical formula by
Kresinet al., %

2AIKsTe=353[1+53 (Te/w)2In (wo! To)]

, which expresses the enhancement of the coupling strength 2 A/k, T, asan
explicit function of the ratio Tc/w,, Where w, is a characteristic Einstein phonon
frequency. An analysis based on this formula shows that a change in the

2 Ak, T, ratio from BCS-like to avalue as large as 4.4 requires a substantial
Increase in Tdwo. Since Tc varies only modestly, from 14.0to 16.4 K, the
occurrence of phonon-mode softening, i.e., asmaller w, appears to be necessary
to account for the large increase in Tdwo. The most direct proof of this
supposition isto examine the a?F (w) functions obtained experimentally from
tunneling densities of states.



Tunneling density of statesand a?F (w)

0.06

The dynamic resistance dV/dl as afunction of i Al5S Nb-AZL

the bias voltage has been measured for several 004 - E : 'Ii-g E
Nb-Al junctions of importance. "

Data of the superconducting state were taken at 3 %% i p

1.5 K with amagnetic field ~ 1 kG appliedto |-

guench the superconductivity in Pb. s

Throughout the data reduction, a constant -0.02f

excess conductance, of about 2-5% of the Al o s a9 g a
normal -state conductance, was subtracted out 0 10 20 30 40 50
from both the superconducting and the normal- ENERGY {mv)

state tunneling conductance. Reduced tunneling density of states R(w)
The reduced tunneling density of states vs energy above the gap for the two Nb-Al

R(@) = Nexpt(w)/NBCS(@)) -1

junctions of T,=16.4 K, A=3.15meV, and
T.=14.0K, A=2.15meV, respectively.

was then calculated.

Reduced tunneling density of states R(w)
R(a)) = Nexp(a)) / NBCS(G)) -1

Use R(w) and 4 to deduce to a?F(w) by the MR inversion program
to extract A and p*

Employ the MMR inversion program to include a normal proximity
layer




O The electron-phonon spectral function a?F(w) has been generated from

the input dataof R(w) and A by the gap-inversion analysisfor these two
junctions.

O Theinitial method employed was the conventional McMillan-Rowell
Inversion program. For the junctionwitha T, of 16.4K anda A of 3.15 meV,
that analysis givesavalue of only 0.6 for the electron-phonon interaction
parameter A, and a negative value ~ -0.10 for the effective Coulomb

pseudopotential (. *. The calculated T. from these parametersis thusless than
10 K.

O Perhapsthe most unphysical result using that analysisis that a high-energy
cutoff of lessthan 30 meV had to be imposed to prevent the iterative solutions
from becoming unstable. The structure between 10 and 40 meV, as associated
with the Al phonons, was then left out entirely. Furthermore, shown in Fig. 7,
thereis alarge positive offset between the experiment and the calcul ated
R(w)’s.



Modified McMillan-Rowell (MM R) inversion analysis:

» Based on the model of proximity-effect tunneling, proposed by Arnold and implemented by
Wolf, it has permitted an improved description, i.e., more self-consistent, of the tunneling
data of such Nb and Nb;Sn junctions within the conventional framework of the strong-
coupling theory.

» Inthismodel athin layer of weakened superconductivity is proposed to exist between the
Insulating oxide and the base electrode, and it is characterized by a constant pair potential
A, << A and athicknessof d, << & .

> Itisplausiblethat athin proximity layer N exists between the Nb,Al film and the a-Si oxide
barrier. With no a priori knowledge about this proximity layer, we approximate it with A  =0.

» Thetunneling density of statesis then, dependent on two additional parameters of
2d./aV.and d /I, whered,, V. and | are the thickness, the renormalized Fermi velocity,

and the mean free path of the proximity layer, respectively.
Pb
SiOx
N
Nb Al



The reduced tunneling density of states R( @ )=Ng,(@ )/Ngcs(@) — 1 was then calcul ated.

Figure shows the R(@)’s for two particular junctions. One is a relatively weak coupled
superconductor, with a T, of 14.0 K and agap of 2.15 meV; the other is strong coupled,

of larger Al composition by 1.3 at. %, with ahigher T, at 16.4 K and a gap of 3.15 meV.

A reduction in the magnitude of R(w ) isfound as the Al composition is decreased,
indicating aweakening in the electron-phonon coupling strength. However, the overall
shapes of the two R( @ )’s are rather similar, and there is no dramatic change in the positions
of structuresinduced by phonons. Similar behavior isfound in the tunneling densities of
states of Nb,Sn junctions of different T.’s and coupling strength.

R(w)

004

0.02

1

-0.02[

-0.04

-~ CALC. CONVENTIONAL

== CALC. PROXIMITY

20 20 40 50
ENERGY (mV)

The experimental and cal culated
tunneling densities of states R(w)’s
from both conventional (MR) and
proximity inversion (MMR) analysis
for the A15 Nb-Al junction of 22.8 at.
% Al with Tc=16.4 K, A=3.15 meV.



Features of the a?F (w) functions of these two junctions are quite similar, with aslight
reduction of about 10% in the a? F(w) for the lower-T, one.

However the strong-coupled and high-T, junction shows a pronounced enhancement in the
weightings of the low-frequency phonons, leading to smaller values of the frequency moments

In fact, the significant reduction of A , from 1.7 to 1.2 in the lower-T, junction, is mainly from
the stiffening of phonons; i.e., < w? > of larger by 20%.

:.Gr Al5 Nb- AL
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°oTc =140 K A=l.2
0.8f
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The electron phonon spectral functions
a?F (w) for two Nb-Al junctions with

2AkeT,_ of 3.6 and 4.4. The data of the

neutron scattering function G(w) are after
Schweiss et al.



TABLE |. A summary of the parameters from the proximity inversion analysis of
two A15 Nb-Al junctions and one Nb;Sn junction.

; ; A . 24 24, d
Compasition T, (K} & (meV) = 5 e -l (wit (et T (K s = Tﬂ
(el (b lexpi) {meV}  (meV)  (meVWd?  icaled  fcale) {rmaW)-1
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T — Op exp 4 — (14 Aep)
1.45 /\cp — (1 + 0-62/\cp)

the analytical formulaby Kresinet al.,
2 AlkeTe=3.53[1+ 5.3 (Te/wo)2in (wo/To)]

which expresses the enhancement of the coupling strength 2 A /keTc
as an explicit function of the ratio Td/wo, Where w, is a characteristic
Einstein phonon frequency.

ax=2 fdwm_]ﬂaF{m}.

b
Wipg = EXP

2 -1 2
I fﬂ*mm Inwa F(“.J}

‘T.= %exn

—1.04(1 + )
A= (1+0.621)

, see Ref. 30.

A=N(0) <l &>/ M<@?>




O The electron-phonon coupling constant A can be expressed according to
McMillan, as A = NP(0)<| 2>/M(w?)

, where N ?(0) and <I %> are the el ectronic band density of states, and the

electron-phonon matrix element, evaluated over the Fermi surface, respectively.

O The electronic parameter N°(0) (bare) can be estimated from the renormalized
density of states N"(0) by specific heat experiments

C, = 1/3 2N*(0)Kg2 T

el =

17.8 w0
T+x7

states

N%(0)
eV spin unit cell

mJ
em’K? |




100

Al Nb-AX
HCE (T) NEAR T.|:

Also from upper critical field analysis,
given that the (1+ A ) factor is known 30
from tunneling.

HCE (kQe)

5 4
Te (K)

FIG. 1. Representative critical-field data near T, of a series of

A15 Nb-Al films measured. The lines drawn through data points

are intended to serve only as aguide to the eye.

Based on the data of the critical-field slope near T, the general procedure of evaluating
various superconducting and normal-state parameters including N°(0) is well formulated.
Briefly, the slope of critical field near T including corrections for the electron-phonon
interaction can be expressed as

-2

iR
n7S +5.26 x 10*y*p( QD ecm) | x [R(y,) 17" Oe/K ,

F

dH 3
dT

. =-,.-_.Hc2{Tf} 9.55 x 10y ™2 T,

C




The e ectron-phonon spectral function a?F (w)
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Superconducting tunneling into
high temperature superconductors

of YBa,Cu;0O, crystals and films (90K)



Break-junction Tunneling on HTSC ceramics (1987)

PHYSICAL REVIEW B YOLUME 35, NUMBER 16 1 JUNE 1987

Break-junction tunneling measurements of the high-T,. superconductor Y,;Ba:;CuyOq_ ;

1. Moreland, J. W. Ekin, L. F. Goodrich, T. E. Capobianco, and A. F. Clark
Electromagnetic Technology Divison, NMarional Bureaw of Srandards, Bowlder, Colorade 80503

1. Kwo, M, Hong, and 5. H. Liou
AT&T Bell Laboratories, Murray Hill, New Fersey 07974
(Feceived 25 March 1987; revised manuscript received 7 May |957)

Current-voltage tunneling characteristics in a high-critical-temperature superconducting materi-
al containing predominately Y Ba:CuyOu-a have been measured using the break-junction tech-
nique, Sharp gap structure was observed, with the largest superconductive encrgy gap measured
to be A=185X1 meV, assuming a superconductor-insulator-superconductor junction. This eners
gy gap corresponds (o0 ZA/KeT. =48 a1 T =4 K, for a critical temperature of 93 K {midpoint of
the resistive transition ),
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FIG. 1. Current-voltage characteristic and dynamic conduc- FLG. 2. Current-voltage charactermte and dsnamic condue-
rance (d/a¥) characteristic of a Y, BasCusOy - ; Break Juifeed b tance {af {4 ) showing superconducling gap structure Lypical of
immersed 10 liquid helivm, This trace is typical of that predom- the lzrgest measured i the Y BazCuiOe - s bresk-function sam-

inately seen in the sample. ple
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Reproducible Tunneling Data on Chemically Etched Single Crystals of YBa;Cu;0,

M. Gurvitch, J. M. Valles, Jr., A, M. Cucolo,”’ R. C. Dvnes, J. P. Garno, L. F. Schneemever,
and ). V. Waszczak

AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 26 May 1989)

We have fabricated tunnel junctions between chemically etched single crystals of Y Ba;CuyOs and eva-
porated metal counterclectrodes which exhibit reproducible charactenstics. Above the bulk critical tem-
perature of ¥ Ba;CuyDy, T., the conductance, G{F), has a linear dependence with voltage and has some
asymmetry. Below T, additional structure associated with the superconductivity appears in G{F). At
= T. there 15 a reproducible, finite, zero-bias conductance which suggesis that there are states at the
Fermi energy in superconducting Y BazCui0y. Junctions with Pb, Sn, Bi, Sb, PbBi, and Au counterelec-
trodes all show qualitatively similar behavior,

PACK numbers: 74,5004, Td.65.+n
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FIG. 1. {a) Temperature dependence of G0 mV)/G{100
m¥) of a ¥Ba;CusD5/Pb junction. Inset: Current vs voltage
for a typical junction for T =<1 K. Mote the ahsence of leak-
age. (b) Voltage dependence of GOV)GUI10D mV) for the
temperatures indicated for the junction in {a). The lowest-
temperature curve has the lowest zero-bias conductance, The
palarity refers to the Y BaxCua0- electrode.
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FIG., 2. G{F} for YBa;CusOw/Pb junction in 0 T (solid
line), 10.0 T {dashed line), and 8.0 T (dotted line} magnetic
fickds af T=10 K. Arrows indicate features which are dis-
cussed in the text.



