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10.2 Microscopic Theory

Excitation of BCS ground state

ground state: Wy = -2 Eyuj,
k

N

breaking of one Cooper pair:

o electron with k plus hole with —k’
(k' 1,—k"]) ~ | two quasi-particles
electron with —k plus hole with k’

energy of remaining Cooper pairs W, = —2 > Epvj
kAk!

energy difference: SE = W, — Wy =|2Ew = 24/n3, + A2

dispersion of quasi-particles

===) ecven if unpaired electrons have
no kinetic energy (7)k’ = 0) to break a
Cooper pair one must invest 24

=) eNergy gap: dF,,i, = 24¢ ground state = —ee—eeee oo oo oo oo oo oo oo

two particle description
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10.2 Microscopic Theory

Density of states of quasi-particles

Dn(m) <——> Dy (E,) each state in normal conductor is uniquely
connected with one in the superconductor

memp  Ds(Ex) dEx = Dy (k) di.

Ej
- dne ) Du(Br) ——2—  for Ep > A
D = T g {0 B <A
T k 0

singularity at Ex = 4y

experimental observation using superconducting tunnel junctions

schematic setup i nc
‘17
(@ S . ‘
_l— \\\ eV
Metal strip 2 Metal strip 1

D(E,,)

Y

D(E)

Normalized Density of States D,/ D,

Ds A
L e
0 Ag Ex
4
Pb/MgO/Mg
3+ T=0.33K
Dks =155K
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MVCMP-1 10.2 Microscopic Theory

BCS state at finite temperatures

Cooper pairs — quasi-particles —— BCS state weakens —— energy gap decreases

BCS theory in weak coupling limit

Ay = 2 hwp e~ 2/Vo D(Er)
Ay = 1.76 kg T,

kpT. = 1.14 hwp e~ 2/VoD(EF)

Al cd Hg In

Nb Pb 7/n

Ao/ (ksTe) 1.7 1.6 2.3 1.8

1.9 2.15 1.6

energy gap at finite temperatures

5 A
- 1.0
S~
~
— 0.8 -
A(T) T <
= 191~ — o
Ao Tc Li 0.6 N
oo
@
=
w 0.4 —
3 e In
= B A Sn |
£ 0.2 m Pb
(@]
P

0.0 | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Normalized Temperature T/ T,

T

weak coupling regime
does not really apply
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10.3 Macroscopic Quantum State

Macroscopic wave function ¥ = @, el () . AUIVES GUETT IO

S

a) flux quantization Wo|? = ns ~ Josephson effect
phase ¢(7) is well defined in entire superconducting system
consider superconducting ring in magnetic field

phase difference along a path Ay = ff grad ¢(r) - ds

closedloop 7 =12 —— Ap =27p
= =

Q . ) h 2
U quantum mechanical current density 7 = s (!T/*V!T/ = !T/VLT/*) — QMA 11/

2M
Integration path

) h
with g=—2e and M=2m ——— pgAij = (—V(p — 2A)
e
integration along closed contour line L

o2 j-ds:é Vp-ds—2 ¢ A-ds
€
\ ) L

L
7=0 —=" ]
[ B-df =®  Stokes theorem

magnetic flux enclosed by the ring is quantized

372



SS 2024

10.3 Macroscopic Quantum State
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Experimental observation of flux quantization 1961

Deaver and Fairbank

Resonance Amplitude, L sof —_—
1z measuring Field )
Tin .
MM/Oe L’ ngz.o- P 3
’ | 0 © o,6lo & ). -y 9 3
mirror 13 // of- i
/,/
quartz ,’, o a:iss" a;"’ TR T BT — ESF oro °?5
+2 // ° H - gauss
/// °
®° «;;5; 0,00 °
lead o modern measurement
B, 7 Ik / T T T
g 406
?Oprrf oy /// NE 6 - .'oo-.J
) // - T|n :
‘ e /’ :t(')= — PR TP s ,LQ 4 | ..j |
02 -1 Slo o1 02 03 04 Oe o ro
X ,/, Hy - A [ ]
4 5 2 ’.. J
4 I [} —
// T x
2 :
) g 0+ r.d _
Doll and Nabauer o) .
© [ J
= -2 -
| | |
0 1 2

Magnetic field B/ uT
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10.3 Macroscopic Quantum State

Josephson effects (1962) @
Schrédinger equations
th.Dl = w1 + K, SC1 SC2
iy = oWy + Ky CI)
. / . \ R i cht
chemical potential coupling strength — /Irr
ansatz VU, = /ng1e?* and U, = /nge?? _
’ Brain Josephson

with 7N = Ng1 = Ns2

: . 2IC . :
Josephson equations Ngp = - ne sin (g — Q1) = —Ngo

h(p2 — 1) = —(u2 — p1) = 2eV

A V=0 — m=i — I = I, sin (2 — ¢1) dc Josephson effect

~ VO — p2—p1 =2V —

I =1 sin(wyt+¢o) ac Josephson effect

wy = 2eV/h
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10.3 Macroscopic Quantum State
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Experimental observation of dc Josephson effect
C
X R
substrate
: . e 2 . .
hysteresis parameter: (. = 2nI.R°C/®g Josephson junction
underdamped junction (large R and C) overdamped junction (small R and C)
1 T | T I T T '_:_4:"7 1.5 -
0 4/;:““:? - L
) &
S g o
5O S i < :
i‘(;:; | 0.5
= - &
=
o
, 1 M#Hﬂ a,‘fﬂg
0 AR f.-l ; - K +:h*iT—
1 2 '3 L ot
V -0.0001 -8e-05 -6e-05 -4e-05 -2e-05 O 2e-05 4e-05 6e-05 8e-05 0.0001
voltage (mV) g Uinv
> hysteretic Josephson junction » non-hysteretic Josephson junction
» for /< I, current is determined by current source » for /> I, super current breaks down

» for /> I, super current breaks down
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MVCMP-1 11. Cooling Techniques

“He bath cryostat: glass dewar

Vacuum
Access to pump
experiments Fill port
/ O-Ring

:{ Metal flange

*He gas ‘_—l
j D
Polystyrene - 7 Double glass walls

~

I
AND ]

AN A AN

' Radiation shields

- Metalized glass
T with 1 cm wide
H— viewing strips

‘ B J Vacuum
"’,7
77— Space for
M experiments

Lig. Ny —

Liq. “He — 7]
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“He Bath cryostat: metal dewar

11.1 Bath Cryostats

-Lig.N»

Filling ports Filling ports
— He gas /\ ~— He gas
[ - I ET -
==l | = == | Lo
—| _+— Polystyrene ]
g =l = L ////
Radiation shields B |
Lig. No— ||
Lig. He | 111> superinsulation <[ Lia He
TT >CU
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11.1 Bath Cryostats

helium transport vessel

Connection for transfer tubes

Gas valve
ay

Safety valves —]

PO
/ I
Overflow valve //J

7

Superisolation —

Getter pump ——

helium transfer tube

Vacuum and
safety valves

Adsorption pump

Cryostat

I

'

Transport dewar
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MVCMP-1

Radiation shields — super insulation

multiple radiation shields = smaller steps -
reduction of heat flow

30 to 80 layers of low conductivity
high reflection material = aluminized Mylar

apparent thermal conductivity
~10-*to 10-5 W/(m K)
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MVCMP-1
Cryostats with 1-K-Pot Vapor pressure curve of various cryogenic liquids
To
f vacuum T— ;
- oump Clausius-Clapeyron equation
helium ? dp b
pump Li o Ve = RT
g. Heat 4.2 K dT AV T PVg
Filter N = -
Pumping tube AV =V =VemVy
Impedance
*He pot dp _ L — _ —L/RT
< | Heater dI” RT? & p(T) =poe
Vacuum can vapor pressure curve
T | T T | T T |
5 10°F X
Ko} L _
S i 3He\ i
a 10°F *He .
o - oM/ N,
a L 4
@ 1021 |
S_ - _
4 —1 S 1oL |
He L = 90Jmol S 10
. > - u
He L = 40Jmol™* A ]
10' ! | ! ! | I ! |
1 10 100

Temperature T/ K
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MVCMP-1 11.1 Bath Cryostats

SHe cryostats

~— 3He return

*He pump —e— —3He pump — 340 Ui

T IS )

- Impedance _

l ,L,/ 4He bath at ~1.3 K ‘-ﬂ E

E Thermal anchor —

4He at4.2 K

NEN

Constriction

=il

Return capillary

/
\

~| | > 3Hebathat=03K — | | L«

S Space for /

experiments

/
\

cooling power @ =g L o< p oc e L/RT
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Cooling power of a 3He cryostat with charcoal absorption pump

- ,
He fill -: Pulling chains
I %é T T T T T T |
A
— 0.4 i
Lig. N =
19. N2 ~
y /V/ ~
Pumping J \ g
for 1.3 K bath || [T 2
i | “He, 42K S 03l .
S | L E L
: Nl S 5
Charcoal pum =
Safety valve — ~ Lharcoal pump
| “%He, 13K
Thermal —_
Contact . Throttle valve 0.2 | 1 1 | 1 1 |
0.01 0.1 1
Cooling power Q / mW
= Liq. 3He
e 3
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mvcvpr-1 Bardeen — Josephson Debate
The Nobel Laureate Versus the Graduate Student

In a recent note, Josephson uses a somewhat
similar formulation to discuss the possibility of
superfluid flow across the tunneling region, in
which no quasi-particles are created. However,
as pointed out by the author [Bardeen, in a
previous publication], pairing does not extend into
the barrier, so that there can be no such
superfluid flow.

Physics Today 54, 46-51 (2001)
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