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The Nobel Prize in Physics 2025 was awarded jointly
to John Clarke, Michel H. Devoret and John M.
Martinis "for the discovery of macroscopic quantum
mechanical tunnelling and energy quantisationin an
electric circuit”

https://www.nobelprize.org/




“Macroscopic object” in Josephson junction

;%1-&"9: a"ﬁ%&& = Normal metal

In a normal conductor, the electrons jostle
with each other and with the material.

When a material becomes a superconductor, the electrons
join up as pairs, Cooper pairs, and form a current where
there is no resistance. The gap in the illustration marks
the Josephson junction.

) Ca—

Cooper pairs can behave as if they were all a single particle that
fills the entire electrical circuit. Quantum mechanics describes this

= Josephson junction
(superconductor/insulator/superconductor)

= Collection of Copper-pairs can behave
as if they were a single particle.

collective state using a shared wave function. The properties of this
wave function play the leading role in the laureates” experiment.

https://www.nobelprize.org/



Josephson tunnel junction (S1S-junction)
« Two superconductors with an insulator(1-2nm),

e.g., Al/ALLO,/Al

« Josephson effect : Supercurrent flows!

_ : d(¢e) 2e
I = 1I.sin —= = (—) V
Order parameter @ = @1 — @,, l.: critical current

 Nonlinear inductance as a circuit element

t_, Insulator - 30 A



Josephson junction sample and VI measurement

(Josephson junction)
Nb-NbOx-Pbln

/ (10x10 um?)

|
Pbin

= Current-biased Josephson junction (JJ)

= \/-| measurement

= Apply current and measure voltage across JJ. = Forl<lc, Vremains zero-voltage state.

= Near Ic, V switches to finite-voltage state.



Josephson junction dynamics: 1D washboard potential

a b
f' I’ RCSJ (Resistively and Capacitively Shunted Junction) model

‘”“‘3 TT (circuit-model)

W v c=— KX
S ! Dynamics governed by equation of motion of phase particle
dv

V
I(t) = Iysi —+C—
() = losin(p) + 5 + C—

A ' 1de d%¢

I
\-r,\_/_\a/\ b I = sin(p) + Qdr + 172 T = wpt, w,=+/2ely/hC
\\ A “phase particle” of mass (#/2e)?C moving

- ’ along 6 axis in an effective potential U.

‘[ nl
c d U(5) = —Ejcos6 — |6
2e
Slope is proportional to bias current I.
V()
Particle trapped in a wall - (a)

= -

. « Particle rolling down - (b)
J. Martinis, Michel H. Devoret, and John Clarke, PRB 35, 4682 (1987)

U (s)

U (s)
[ ]




Josephson inductance and energy

= JJis alossless and nonlinear inductor.

__L _ Do .
L(p) = co5(0)’ L= ol Josephson Inductance

L() = o

1
2T /162_12 o

= EnergyinJJ /\ /\
H = —Ejcosp, Ej= hl./2e:Josephson energy / \y \/ @




.......................................

v e-beam lithography step e |
50 — 100 keV
— ﬁ

e-beam resist coating e-beam exposure develop

v Al evaporation

1st Al evap 2nd Al evap

\

* Oxidation between 15t and 2"d Al evaporation

Junction area




Need resist bridge
Submicron JJ
Most conventional
method

400

Josephson Junction Fabrication Style

Manhattan JJ

m

0pm

No bridge required

Submicron JJ

Good size control

Need both tilt and rotation function

Bridgeless JJ

P

Tunable coupling
junctions (SQUIDs)

= Different undercut size
= No bridge required
= Can make a large JJ

10
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Controlling JJ parameters In practice

How to control .

* Ic=J. XA
, where J.=critical current density, A/m?
A=junction area
« J. set by oxide thickness and controlled
by oxygen pressure P and oxidation time t

1
.]CKN

VPxt
10°
a 0 &
] . bE
ES - (o)
%102 (o) Gia i
2 . LR
g » 1
B o B8 ¢
e , 8
e . A 8
[ 10 e’
: ;
Z Sample 1* 3* 2*

-1 1

10 10° 10
D=t "65%p 043 (min06S*mbar®)

[Zeng et al., J. Phys. D: Appl. Phys. 48 (2015) 395308]

5 KRiSs

Calculating I, from R,

* Ambegaokar-Baratoff equation
A

~ 2eR,

I.: Critical current

A . Superconducting gap

R,,: Normal state resistance

Ex) Al (A~200 ueV)
ForI. =100 nA,R,, = 3.1 kQ

« Can estimate qubit frequency from R,,



| ¢ SQUID (Superconducting QUantum Interference Device) 50

®B
 Usage
- Effectively modulate Ic by B field
[ - Tunable qubit frequency
0 - Sensitive magnetic sensor
I / 2

(00]

E./h = 0.3 GHz

— — Woy
_ N |E/h=15GHz .
= 2I, I < 2], L6 W
=~
o
r A
Area of loop CD o
Magnetic field I.(®) = 21, |cos e 25
Magnetic flux 0
0

- -7/ 2 0 /2 T

h _15.
®o=— =2 x 107'%: Flux quantum Magnetic flux bias, @,
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Asymmetric SQUID

* Used in tunable qubit
* Frequency tunability and less flux noise

A

‘ B Icl+1c2
rg

[e1 # Iz

[.(®) = (g +1c2)

drr
COS o

— lc1—Ic>
Icq+c;

SQUID - Usage

4.5

04r

| [e 121

m 4:]1 (Sample A)
[ | & 7:1  (Sample A)
[ |-¢ Fixed (Sample A)
r|< 15:1 (Sample B)

: (Sample A)

t |- Fixed (Sample B)
1 L 1 L

1 1
0 0.1 0.2 0.3 04 0.5
o/P
0

’ ® 1:1 (Sample A)|

{ ® 4:1  (Sample A)
4 T7:1  (Sample A)| 1

} 1 & Fixed (Sample A)

0.1 Feg

[M.Hutchings et al, PRAppl. 8, 044003 (2017)]

< 15:1 (Sample B)|
=¥ Fixed (Sample B)

0.4 0.5
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History of superconducting qubits

EEENR . SQUID
qubit readout

BEEEBR qubit inductor 1*— =

1999 - Charge, phase,

=)
. B junction \C J
2002 flux qubit ) i 1AV =
3
2004 circuit-QED EEREBR
h bi ducti . = = = =5 -
Egssﬁﬂ;’ 1+ superconducting charge qubit(Nakamura) Phase qubit(Martinis)
2007 2D Transmon
2009 Fluxonium
2011 3D Transmon charge qubit
+ superconducting
2016 IBM 50 cloud resonator (Yale)
2019 Google Sycamore, 53Q
2020 IBM Hummingbird, 65Q e R
[N
2023 IBM Heron, 133Q P
2024 Goolge Willow, 105Q 50 mm 250 pm

2D transmon (Yale) 3D transmon (Yale) ~ Fluxonium (Yale) |



Superconducting circuit

i S

Ingredients of
superconducting electrical
circuits

- Inductor

- capacitor

- Josephson junction(JJ)
- SQUID

- Superconducting resonator
- MW transmission line

L C 1]
MINSEETE O

[USCB, 4Q]

15



Q(t)

L ——
_ 0% P2
H=+—
2¢ T 2L

[M.Devoret, “Quantum fluctuations in electrical circuit”]

Classical LC to Quantum LC circuit

Quantum LC resonator

Pick generalized coordinate
Find kinetic and potential energy
Lagrangian

Hamiltonian

Quantum operators (canonical
guantization)

b owhE

5 KRISS



| C oscillator vs Mechanical oscillator

5 KRISS

Qz P2
H=—+—
/ 2C 2L
Charging energy A \ Inductive energy
(kinetic E) [P, Q] = in (potential E)
A7 1
= 4 kR

Kinetic energy/ [ _ Potential energy

17



Harmonic oscillator vs Anharmonic oscillator

5 KRISS

‘ [$,7] = i

QZ (’132
H=-—+—
—— 2C 2L
[D, Q] = ik
Q2 2D . 0 = o
° — n=—, — 27-[_
H >C E;cos > e ¢ oy
\ _
/ - ~ ~ e .
— 4Ecn2 _ E]COSgb E.= %—(; : charging energy
E; = 2—86: Josephson energy



First superconducting qubit

Ground

hea
/

“Cooper-pair box”

—C
\/g____

E. > E

H = Charging energy of Cooper-pair box

+

of Josephson junction

box (g

B pulse gate

SET island SCB island

\ —

r ﬁ ™~ SCB gate
|
i ! f

19



Charge qubit energy levels 50

Excited state

Total energy vs gate voltage

energy, fe) \

EJ o, CJ

\é____

Electrostatic energy
1 2

B Ground state
ng = C4V,/2e, energy, |g)

Nn = # of Cooper-pairs



Charge qubit Hamiltonian 5(\

Hamiltonian

H = 4Ec(1”i — ng)z — Ejcos@

7, @] =i A
EJ CJ

fi: charge operator n
¢ phase operator
ng: offset charge number C

2 .
EC:zeTz: Charging energy \/g

_hl¢
E]—ZB . Josephson energy

* Charge qubit is sensitive to charge noise!



< Energy levels of charge qubit

Hamiltonian Calculate eigenvalues of H matrix using QUTIP
H=4Ec(ﬁ—n )Z—E]cosgﬁ NN ETETETRTETEYRT \
g _ / \/’ / \./' \/ \/ \/ /‘
17.5 \ \ \ v v \/ \/
A= N)N],
1 + 00 12.5 -
cosp = INNN +1[+ [N+ 1N o+
— 00 7.5 1
2 .0 1
H = 4E (|[NXN| — ng) 23]\
E 04 N N AN N AN AN AN LN
— Y2 INYN + 1| + [N + 1XN|
Z % = = = 5 I § 3§ 37 N=10
Ng Ej=Ec=1
Hll/)n> = EnHll/Jn>
https://nbviewer.org/urls/qutip.org/qutip-tutorials/tutorials-
[M.Devoret, “Quantum fluctuations in electrical circuit’] vb/lectures/Lecture-11-Charge-Qubits.ipynb 22



Transmon qubit

TRANSMON = Transmission-line shunted plasma oscillation qubit
Developed in Yale Univ. in 2007

Motivation
How can we make a qubit less sensitive to charge noise?

E(n,ng)

Make it flatter?

5 KRISS



Theory

(a) EJ/EC = 1.0
| | H | |

(b) E;/Ec = 5.0
! | ’ | ' |

n " "
1 1 1 1 1 1 1

S
£1 1
€3
I ~\/8FEjEc -
0 0 ¥ ! $ T
2 1 ,n(')q 1 2 -2 1 ,n?g 1 2
J8E.E./h 5 _ 50~100
fo1 = JEc/ E. =

[J. Koch et +al., PRA 76, 042319 (2007)]

Energy Levels vs E;/E,

Experiment

LI I I I |

N
o))
®
(=]

Frequency (GHz

0 0.5 110 25 40

Gate Charge (2e) EJE,

[J.A.Schreider et al., PRB 77, 180502 (2008)]

100

0.1

(zHW) uoisiadsiq abieyn
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Josephson Al/AI203/Al B8
Tunnel junction & ¢

-
Comp.

Transmon

=
£
b

e = =

-]
subspace
(_H
;(

_

-

-/ 2 0

™2

™

Superconducting phase,qﬁ

Transmon

¢ f01~ 5 GHZ
(=200mK)

[P. Krantz et al., Appl.Phys.Rev. 6, 021318 (2019)]

ldea:
= Increase the ratio E;/E, by

reducing E,
= Add large shunt capacitor.

= Weakly anharmonic

" Long coherence time due to
Suppressed charge noise

= Simple to fabricate!




transmon

200 pm

starmon

Various “mon”

Xmon

]
100 um

coaxmon

Transmon

1
i Control Port
LC Resonator " Dom
Measurement Port

l |
3 mm

recmon

mergemon

gatemon
NW gatemon 2DEG gatemon
Gate 2DEG
v v
Voltage control Voltage control
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9 Phase qubit

» Use a current-biased Josephson junction
= Quantized energy levels in a potential well.
= E,/E. is large, ~10°

Microwave Static and SQUID
pulses pulsed flux read-out _ _
Example circuit

EEEB SQUID

qubit readout

inductor [——
Left well Right well l qubit
12) ~ / junction J

—— e —— e —— o — — e — —

27



Flux qubit

= A superconducting loop interrupted by a number of
Josephson junctions.
= Qubit states are encoded in circulating current states.

a Flux qubit b 3-JJ flux qubit
__w* [+ = 1) [+) = 1)
2.0+ /\—-—""—_ \/:
g >é_>< \&\W/ ﬁiii":::' Vz/
= - S
1.6-
=) =1}) |—) = [1)
| I | I
0.46 0.50 0.54 0.49 0.50 0.51
f f

[J. Q. You and Franco Nori, Physics Today (2005)] 28



Simulating qubits

Scqubits: a Python package for superconducting qubits

Peter Groszkowski' and Jens Koch?

Qubits: Transmon TunableTransmon Fluxonium FluxQubit
ZeroPi FullZeroPi Cos2PhiQubit
States [ Al EJ: : 12.49
Q TOP EC: 2.50
u I EL: =) 0.26

Quantum Toolbox in Python Plotas: | Re() v i 0 e

cutoff: ) 110
[(J Manual Scaling
Get Started with QuTiP v5 [ Try QuTiP from your Browser! o 0D

= QUuTiP is open-source software for
simulating the dynamics of open
quantum systems.

= For Quantum optics, trapped ions,

superconducfclng circuits, quantum > | 7 ———
nanomechanical resonators, ... ¥ Vv
-;0 -'5 (l) é 1|0 1

15
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Quantum-limited Josephson Parametric Amplifier

JJ serves a nonlinear medium of microwave in RF amplifier.

Only minimum noise can be ideally added to the output of amplifier.
Need pump signal to amplify signal via wave mixing process

JPA (Josephson Parametric Amplifier) IMPA (Impedance-matched Parametric Amplifier)

(Resonator or LC circuit) + SQUID « Wider bandwidth ~400 MHz
« High gain > 20 dB

 Narrow bandwidth: ~10 MHz

_tw JPA IMPA —o—
=
$E
Output Superconducting - o o —-110
signal coil Pump ; Esc Ly = O :
M4 - coplanar wave guide resonator u W\/\) ! ' »
e S L |
o F——@]
npu ), .

Gain [dB]

Sys. Noise
K

; i § q imi
6.2 6.4 6.6 6.8 7.0 7.2
Signal Frequency [GHz]

SNAIL (metric Amplifier)
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TWPA leverages a nonlinear transmission line
formed by thousands of JJ array.

» Critical for high-fidelity qubit readout

* Wide bandwidth ~ 1-2 GHz

« High gain ~ 20 dB

« Gain flatness not good

« Hard to fabricate

Pump

VWA

TWPA In #()—m—@-@m— —m—)»TWPA Out

Signal

AVAVAVAN

Idler

- ’V\’\’\’\AX\’\M\;M‘{WWV\NWWWV\NV

________________________

Directional
& readout Isolator coupler

signal frequency (GHz)

[C.Macklin et al., Science 350, 307 (2015)]
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SFQ (Single Flux Quantum) circuit

* Qubit control demonstrated with SFQ digital
logic (SFQ driver)
* Quasiparticle poisoning issue

« Superconducting digital technology
« SFQ pulse is a picosecond voltage pulse

from overdamped JJ. (@) (b)

— (fabricated chip
100 um quantum .........................
'_ég i circuit
: e
(a) 27/e, C.
-
~2 mV \(D ‘ ‘ ‘ ’ |
- \Vj p C
~1 ps
Im[a] =
(b) (©) ffF
. i nEn
[ I' N __—_\F ll
-|. -l — - . — ;—i‘:
-/ Rela] - R: : _H_, ] l | ,_7;
_—?___7_ ——l[—i ;-__

[R.McDermott et al., PRAppl. 2, 014007 (2014)] [E.Leonard et al., PRAppl. 11, 014009 (2019)] 32



Summary 50

Josephson junction is the most critical element in various
superconducting circuits.

SQUID can be used as a tunable inductor in qubit and sensitive sensor.
JJ serves a lossless nonlinear inductor in various quantum circuits.

- Superconducting qubits

- Quantum-limited parametric amplifiers

- SFQ circuit can be used for qubit control and measurement in energy-

efficient way.

Thank you for your attention!




