Lecture 12: Superconducting Quantum Interference Devices

OUTLINE

1. Superconducting Quantum Interference
2. SQUIDs

 SQUID Equations

 SQUID Magnetometers

e Josephson loop vs SQUID Loop
3. Distributed Josephson Junctions

e Short Josephson Junctions

* Josephson Phasors (pendula)
* Long Josephson Junctions
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Superconducting Quantum Interference
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Phase difference around the loop

j{C’ VO-dl = 2mn = (0—0a) + (0c—0p) + (03—0c) + (0a—04)

From the definition of the gauge invariant phase

v_:_';__ﬂ__f_—:;,,* Oy — 0o = —p1 — —/ A-dl

i =1 sin aY B ;d i=1Isine 27T

i=1sing b? © ?c =1 sin ¢, Hd_HC_CPQ__ A_d]_
; : Do Je

== -H- ======= In the superconductor the supercurrent equation gives

c c 2T &
O — 0, = VO-dl = —A J-dl — — A -dl
b b b b b
o

a a 27T a
ea—9d=/ ve-dlz—/\/ J-dl——/ A-dl
d d b, Jd
Adding them together gives
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SQUID Equations
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Often the contour can be taken where J =0, in
¢ i-1sne,  this case 217D
P2 — p1 = 27N A

The total current can be written then as
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i =1sing, b
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7P TP
, — 21.COS Sin
P (cbo) (901 t CDO)

The flux in the contouris P — CDext + LI cir

The circulating current is given by [ cir = (7;1 — i2) / 2

The total flux can then be written as
Ll 7P TP
b =P sin ( > COS ( )
ext T 5 D, w1+ P,
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Method of Solution

TP Td
), = 2[.CcOoS | — | sin —>
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For a given external flux, there is a range of 7 and
m @ that satisfy these equations. One wants to

1 | determine the maximum i that can be put through
the SQUID and still have zero voltage. (For larger I
the current will be shown to create a voltage).
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SQUID without self inductance

In this case P — Cbext And, therefore, o
2--
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The extremum occurs when (g / d(’pi — (), that is, when

cos (p1 + mPext/Po) =0 :> Sin (p1 + 7Pext/Po) = £1
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SQUID with self inductance
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SQUID Magnetometers T
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Josephson Loop vs. Superconducting Loop
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Distributed J osephson Junction

Therefore,
X w/_ - T
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Short J osephson Junction

Let the self fields generated by the currents be negligible, and B =B i, then

Op 2w
i = | 92 T @, ol
a+b --—/W b>>7., °
~ae That can be integrated directly,
% 2 : 2m
i ==t I C> p(2) = —— Bohetrz + ¢(0)
f [ IP‘ f b CDO
BN - The total current with constant J_ is
— p /d/ 2 /’LU/ 2 i o(2)
1= JeSinp(z) dydz
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Flux through the junction
CDJ — Boheﬂ:d . TPy

. . b, .

i(Py,p(0)) = ICT(_TJO sin(¢(0))

Critical current of the junction

IC — chd qDO P

Massachusetts Institute of Technology:
6.763 2003 Lecture 12




Short Josephson Junction: “single-slit interference”
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Vortices 1in Short Junctions
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Vortices 1in Short Junctions

h f A vortex is a
structure that has
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Interference Revisited (no self fields)

1(z)
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Josephson current is the Fourier 27
transform of the current distribution. k= b Bohef f
Also in 2D. Like Fourier optics. 0
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Josephson Phasors (no self fields)

Rewrite the current-phase relation as

2m(W-W,)
) 0 —y
A () = wlIm {/ Je(2) el (2, )dz}
—00
[ sing
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So each junction can be considered a phasor (pendulum) whose projection is the current,
and whose spatial and temporal dependences are given by

27t P|n
I _ 27 Bohefe Pn+1 — Pn = 2rPln]
0z &P . D,
0 or discretely D d
V(z) = clDO d@(z) Vn] = o dp[n]
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Josephson circuits (no self fields, no capacitance)

27
KOREE ; , e =e0)+ Vot
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I Each pendulum rotates
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70 | Each pendulum rotates, keeping the phase

difference the same.
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Josephson circuits (no self fields, no capacitance)
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Long Josephson Junction (self fields included)

As before,
X w/_ - T
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Assume static situation, then
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Josephson Penetration Depth
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21 podchesr
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Long Josephson Junction (self fields included)

As before,
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In the general time-dependent case, the sine-Gordon equation governs the phase:

8290 1 8290 1 1 a
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