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Sommario

Multiply connected Superconductors. Meissner effect.

Flux conservation. Flux guantization

Josephson effect (also in magnetic field)

Josephson vortices and other kind of vortices

Annular junctions

sine-Gordon equation and long annular Jesephson junctions

How! to Insert vortices in long annular junctions and how count
them (with a brief cosmological parenthesis)

small annular junctions: how to count vortices in small a.|.
Resonances in small annular junctions

Detectors

IHow! te put all'together to selve a “device problem”
\When there Is net reom enough
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London equations

Using Maxwell’'s Equations we
get:




Fluxold conservation

Integrating the first London’s equation
along one of the possible closed path
C surrounding the cavity

FC
We get for the “fluxoid” (indipendent from C):

juoﬂLZJ -dl + j B-dS =const. intime
C S

Since the current can flows only in a surface layer
Taking C in the bulk gives J=0. So for the “flux”:

You can turn off the _ . _
field but ® does not change: = I B-dS = const
Is a trapping! S




Elux quantization in a multiply-
connected superconductor

* The previous constant cannot take any value. Simply apply the
Bohr-Sommerfeld quantum condition:

®'= §pg’J-dl + [B-dS =
C S

— §(ﬂoﬂ~23 +A)~dl :i"j(rn*vS +eA)-dI =
C
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nh h

1
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e This may also be seen as a very general requirement of single
valuedeness of the order parameter.
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Josephson efifect

Obtained by B. Josephson in 1962

superconductor
S

I

currentlv tunnel barrier

superconductor
S,
Wavefunctions of superconducting electrodes:
V1 = [Wi|exp(if1), Va2 = |¥2|exp(i0s)
Phase difference: ¢ = 0, -0,



Josephson equations

dc Josephson effect:

[;(p) = Icsing (1)
ac Josephson effect:
Dy = 2.068 x 107> Wb

Josephson junction is a quantum dc
voltage - to - frequency converter
luV <« 483.59767 MHz




Josephson junction in magnetic field




Josephson vortex

> A stable self-sustained
tunneling current structure

> It needs L>A]

> Associated flux is the
Sl YA U)o (S0 B magnetic field in the center of static fluxon

D,=2.07x10*>tesla » m?
= 2.07x101°>V e s

He ~ 10*T = 10e



Small junction In m.f.

The magnetic field penetrates completely
Because shielding is ineffective if L<<}j



Summary. of the relevant
relationships

dc Josephson effect:

I;(p) = Icsing (1)
ac Josephson effect:

effect of the magnetic field on the phase

2 d
Vo = ( ] Hxn

)

0 (Third Josephson equation)

....plus Maxwell’s equations...



Small junction: Infmagnetic field
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In this approximation
the phase depends only
on time



Short junction dynamics and Fiske
steps

[ —Vcurve: (a) for H = 0, (b) for H = 0.

Fiske (1964)




Perturbed sine-Gordon models

Boundary conditions:
(px+ Pox) | =m

=0




Sine-Gordon Equation

Nonlinearity may compensate dispersion:
Permanent profile wave or “solitary” wave
solution possibility A Barone, F Esposito, C

J Magee, A C Scott
Theory and Applications

of sine-Gordon Equation
Rivista del Nuovo
Cimento 1 p. 227-267
(1971)




“Kink™ solution or a “soliton”

X—VI—X(}]
2

Qo(x, 1) = 4arctan[exp

?o(x,1) = 4arctan[exp(— =2 )]

|2




Mechanic analog: chain of pendula

See for example Barone & Paterno
Physics and Applications

of the Josephson Effect

N Y Wiley 1982

(In the book a ‘pocket ‘ version
IS also shown )







Antilink




Energy and perturbation analysis
for a single fluxon

D.W McLaughlin and A.C.Scott, Phys.Rev.B 18, 1652 (1978)

In this approximation a fluxon behaves as a relativistic “particle”

0.8

ata = B = 0.05

av _ _aﬂ;(l — 1*2) _ %ﬁ]* — %7’[}/(1 — 1*3) 3/2

dt



Overlap geometnry.







e In the mechanical analog: start with an open chain, introduce a 2xn
kKink and then close the loop on itself.

e Once extablished the kink so introduced can never disappear.
Additional solitons can only be created in soliton-antisoliton pairs
(if the chain is sufficienly long) with no net twist

e Like the analog the annular junction is also a closed loop.
If upon cooling through the transition temperature one or more flux
guanta are trapped in the junction they can never disappear as long
as the electrodes remain superconducting

From Davidson, Dueholm, and Pedersen J.Appl. Phys. 60 (1986)1447




How to insert fluxons in an annular
junction

> Perform a normal-superconducting
transition (Field cooling repeated trials),
then monitor |-V characteristic.
(spontaneous defect formation)

(Notably this mechanism ofi production of fluxens during
the phase transition Is related to the so called Kibble-
Zurek mechanism introduced in cosmology to predict
cosmic string| density at phase transition in the early
Universe). Experiments are at moment ini course on
annular junctions toi this end. (Roberto Menaco)



Using Annular Josephson Tunnel Junctions to Monitor Causal Horizons
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It has been argued by Zurek and Kibble that the likelihood of producing defects in a continuous phase
transition depends in a characteristic way on the quench rate. In this paper we discuss our experiment for
measuring the Zurek-Kibble (ZK) scaling exponent o for the production of fluxons in annular symmetric
Josephson tunnel junctions. The predicted exponent is o=10.25, and we find 0=0.27+0.05. Further, there is
agreement with the ZK prediction for the overall normalization.
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Ustinov’s group

Method

Break superconductivity
With a laser or an e. beam
Force the magnetic flux into

heated area

“writing” of a fluxon in the ring




A

current

Indirect observation of fluxons

123 456 7 8

voltage

Only odd fluxon steps

n=1, m=0

n=1, m=I U

A

current

voltage
Only even fluxon steps

n=0, m=I n=0, m=2




Current Voltage characteristic

R=45um. R;=30um, A;~ 45um
J.=54 Alcm?
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A long JJ clock based on a rotating
fluxon

Supercond. Sci. Technol. 12 ( ) Printed in the UK

Low-jitter on-chip clock for RSFQ
circuit applications

Yongming Zhangi and Deepnarayan Guptai

ast Maude Avenue, ¢ Y Zhang and D Gupta

and

—— Digital
Analog Input A to-Digital o

Outputs

Select Input

Figure 2. An optical micrograph of a fa
ct is coupled to the SFQ circwt. The le

Figure 1. A proposed flash ADC with integrated LIJ clock.

Figure 3. Current against voltage for various numbers of solitons
at 4.2 K. There 15 one trapped soliton. The number next to each
curve 15 the total number of solitons and antisolitons moving to
produce that curve




Josephson junction size affect on fluxons structure and dynamics

® The more the coupling the larger
the screening effect of the
tunneling supercurrents

* The main effect of this screening
on the magnetic structure is
a localization of the magnetic
field lines

® |n the presence of trapped flux
stationary tunneling currents
exist even in the absence of
external bias current.

When a bias current is feeded in,
a rotation of the magnetic field

(and current) structure occurs:
a finite voltage is developed
across the junction.




“Small” chain of pendula
for a 1-D smalllannular junction
displaying a “trapped fluxen”







1-D or 2-D 'small case

Neglecting all self-fields
we simply take:




If the external magnetic field is
also considered, we get

=0, —n3—kpsin Y

_ 2mu,Hd
@

o

K

From this, the critical-current diffraction pattern, i.e. the
dependece of the critical current on the m.f., is recovered

1,(H) = maxj j.singdS
¢, 95

S the surface of the annular tunnelling
barrier
'max’ is the maximum with respect to @,



Effect of trapped magnetic flux guanta on the
Josephson critical current

1= I | xJn[xﬁ}fx

2
(1_ o ) S Ho
C. Nappi, Phys. Rev. B 55 , 15117 (1997)

n is the number of trapped magnetic flux quanta

o= Ri/Re H,=®,/(27R, u,deff)




Critical-current diffraction
pattern with no trapping (n=0)

30

R.=50um, experimen

A; ~30pm tal

@ 4.2K data, solid

line, theoy

(A.Franz, A.

AV.

Ustinov

PRB 62,

119 (2000))




(For this case o= RI/Re=0.47)

® The critical current diffraction pattern in the Parallel
magnetic field can reveal the number of trapped flux quanta



Fiske positions in annular junctions

Ri/R,=0.47. In the presence of k fluxons trapped and zero external
field only the corresponding single color raw is excited
V=X, ¢ ©,/21R,

K~m 1 2 3

4 5.22 8.77 13.32

(4.1)

[ (4,2) .
I T

Xkm
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Trapping of one fluxon in a small junction

2Re = 16 um

2Ri =75 um

Nb ;= 50 um @4.2K
(E0=38nm)
ICIB-C.N.R.

Signature of
Trapping
R. Cristiano et al. APL 74, (1999) 3389




Trapping of a fluxon in a small junction
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R. Cristiano et al. APL 74, (1999) 3389




lc_ with_three trapped fluxons
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A high magnetic field suppresses
Josephson current and “steps”

As the external magnetic field increases, the Josephson critical current
lowers. In the same time a number of resonances (known as Fiske steps)
are excited in the I-V characteristic of the junction as a consequence of
the a.c. Josephson effect (2) . At fields relatively high (50 — 100 Gauss)
both the Josephson critical current and the Fiske resonances are
suppressed. Under this condition (3) it is possible to polarize the junction
In the subgap region to make it operate as radiation detector.

Current
Current
Current

®

®

®

Voltage Voltage Voltage



Superconducting tunnel junction detector:
Operation principle

Radiation The Josephson branch has to be
~ R suppressed for a stable
QuasiparTicle = / operation point is obtained
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to bottom
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e after trapping
of magnetic flux quanta
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M. P. Lisitskiy
et al

Appl. Phys. Lett
84, 5464 (2004)

|ICIB-CNR

An energy resolution of about 100 eV was
obtained for the K line of the top
electrode

Kabottom

200 400 600 800 1000 1200 1400

Pulse Height (a.u.)




The failure of the theory based on the cavity modes
serves to detect and enlighten the mechanism of
onset of fluxon sustained resonaces at small fields

o experiment
theory, n=0

Amplitude of the 3rd resonance vs magnetic field
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Part of the material of this seminar
has been taken from the web sites:

For the animations:

> hitp://homepages.iversu.ru/~=s000154/colli

sion/solpen M/SOLPENI. htmi

> hittp://smanwaw. math. h. Ky oto-

U.ac.|p/~takasaki/soliton-

lab/ogallery/solitons/sg-e.html

Figure and other, A.
> [tip://fluxen group.

Jstinev group web site:

physik.Uni-erlangen.de’


http://homepages.tversu.ru/~s000154/collision/solpen_m/SOLPEN1.html
http://homepages.tversu.ru/~s000154/collision/solpen_m/SOLPEN1.html
http://www.math.h.kyoto-u.ac.jp/~takasaki/soliton-lab/gallery/solitons/sg-e.html
http://www.math.h.kyoto-u.ac.jp/~takasaki/soliton-lab/gallery/solitons/sg-e.html
http://www.math.h.kyoto-u.ac.jp/~takasaki/soliton-lab/gallery/solitons/sg-e.html
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