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Superconductivity

@ Electrons form Cooper pairs

@ Cooper pairs form Bose - Einstein condensate — hence they are described by a single
“order parameter” A('r‘)e“"(r), which is basically the wave function of a Cooper pair

© Dissipationless “superconducting” current can flow through the superconductor

ToNA(r)

e V(r).

Js(r) =

@ Current through a wire of length L and cross section S

ToNSA (L) —(0) _m A
2e L T2 eRpNn e

Is(p) =
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Josephson current

B. D. Josephson, ”Possible new effects in superconductive tunnelling”.
Phys. Lett. 1, 251 (1962).

Nobel Prize in Physics in 1973

tunnel junction

Ae'® A

Dissipationless superconducting current Ig(p) = I;(¢) = Ic sing

Josephson relation between phase and voltage V = %




V. Ambegaokar and A. Baratoff, Phys. Rev. Lett. 10, 486 (1963).

tunnel junction

Ae'® A

Tunnel junction (transmission probability of all conducting channels 7, < 1)

T A(T) A(T)
I(e) = 22 onh
1) = SRy BT
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Josephson tunnel junction
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Short Josephson junction

W. Haberkorn, H. Knauer and J. Richter, Phys. Status Solidi A 47, K161 (1978).

short constriction

Ae'® A

Short constriction between superconduting leads

ETh = > A
tHight
Josephson current of a short junction
eA(T) Tn sin g A(T)y/1 = Tnsin® £
I;(p) = Z tanh .
o 2h 1—7,sin? £ 2kpT

2

Normal state resistance is given by Landauer formula

1 2e2
—_— = Tn-

Ry h
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Short Josephson junction

10f i ]
05| i ]
é 00 é ]l
05} 1 ]
0k i
T S
@

2 @

A(T ; A(T)4/1—7sin* £

L(g) = Ny 2 7shne oy 2

2h 1— TSiIl2 P QkBT




Short SNS junction
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Short SINIS junction without impurities, 7' = 0

——D =10"%
2+ ——D=0.9 4
——D=1

elg(ORy/ A

A 1—1¢2 %) D
15(p) = K 7‘ 7‘ ng, t=_—
1) =y (\/1t2sin2g ) )Sm@ 2-D
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Tunnel junction

Short transparent junction

Short junction with transparency 7
Long junction without impurities

Short SNS junction

Short junction without impurities
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RCSJ model

Resistively and capacitively shunted Josephson junction (RCSJ model)

R 1 ke

C—+ ——+Igsinp=1

2e Rg 2e

Josephson frequency wo = /2elc/hC, damping rate v4 = 1/RsC

schematics underdamped junction
wo > 1/RgC
R.
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overdamped junction
wo < 1/RgC
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Classical motion in tilted Josephson potential

he 1 he
C-+ — T +Igsinp=1
2e +R5 2e +lesme
g
hl
= U(p) = —Ejcosp— o=
2e
hi 2 2 B
Kinetic energy EK:%(?S(}) =2Q—C, Q=CV:CZ—SO
e e

hl
Potential energy U(p) = —Ejcosp — 5.¢
e

Josephson energy E; = ﬁQIEC , Charging energy Ec = %, Josephson freq. wo = 8E;Ec/h

Dmitry Golubev



Shapiro steps

microwaves off (Imw = 0) microwaves on
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Figure: Paramters: Ic = 1.2 pA, Rg = 30 Q, wmw/27 = 11.5 GHz, Imw = 1.51¢.

Example: overdamped Josephson junction under microwave irradiation

1 hg
= + Igsing = I 4 Imw COS Wmwt
Rg 2e
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Shapiro steps occur at V,, = n — voltage standard




Critical current of a SQUID

. 12F asymmetric SQUID | 4
lo,sing, symmetric SQUID

l.Sing,

/D,

I = Igqsingy + Iog sin@g; in the bulk of the superconducting ring I'g = « (Vap - %A) .
Taking the integral around the ring and assuming that V¢ is small, we get

27 d

27rn—ap17@27—<I>+a27rRAV<p:>Lp17(pg~?
0

Hence

TP TP p1 + @2
I=1 sin go+—>+[ sin(apf—> = —
ot ( @0 o2 Pg 2

. . 27 d
o = |1gyei™®/%0 4 Ic2e—wq>/<1>o| - \/1%1 + 12, +2Ic1 oo cos




SQUID as a magnetometer

SQUID stands for superconducting quantum interference device
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SQUID is the best magnetometer
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Qubit

Qubit is a two level quantum system

Classical Hamiltonian of an underdamped junction

H= Q—Q + Ej(1 — cose)
2C
Quantum Hamiltonian of an underdamped junction
H= —4Eca—2 + Ej(1 —cosyp), Q= —iei
Op? Oy

Energy levels close to the bottom of the potential

1\ E
En = \/8E;Ec (n+ 5) - 1—5(6712 +6n+3)
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Transmon qubit

ST ——
[1),l0),

lo)0, T [1)lo,

lo)/0),

in Py ground state excited state
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Quantum computer from Google
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Quantum supremacy using a pro-
grammable superconducting processor
Nature 2019

4
@,
@,
L 4
@,
L 4
@,

X

0,
LW 4
s
5
P
P

X

&
¢

L 4
e s
¢

®,
LW
3

®,

&
LW A W
X X

K 4
<,
R 4
@,
K 4
<,
R 4
@,
R 4

e

9,

X

4

¢

X

4

¢

9,
L 4
9,
L 4
OxO

Dmitry Golubev ysics of . >phson junctions, brief overview



Photonic heat transport across a Josephson junction

George Thomas, Jukka P. Pekola, and Dmitry S. Golubev, Phys. Rev. B 2019

Linear approximation

J = [§° 4 hwr(w) [N2(w) — N1 (w)]
21(0) Re| —1 _|Re| =1 _
T, LB P v o1 Mol

. 1 1 1
“Ct @ T @ T2 @) ‘

Zj(w) = —ihw/2elo

For a symmetric SQUID one finds I = I (0)|cos(n®/Po)|

1 2elc(0)
Zi(w) —ihw

|cos(m® /Do) .
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Two resonators coupled via a Josephson junction

Two identical resonators wi = wa
Coupling constants between resonator and the junction, Josephson frequency

erf 20%2
91,2 = —_— 0, wj = — |co
w(C1 4+ C2 + O) nC1 4+ C2 4+ C)

\

Peak in the heat power appears if w; = ws =wy
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Experiments in our lab

Heat transport through a Josephson junction
Ronzani et al, Nat. Phys. 2018
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Thermometers
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eR/A=0.1
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