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MACROSCOPIC QUANTUM PHENOMENA
IN SUPERCONDUCTING CIRCUITS

OUTLINE
TODAY: BASIC QUESTIONS ADDRESSED BY SUPER-
CONDUCTING CIRCUITS
THURSDAY: MACROSCOPIC QUANTUM EXP™S ON THE

FLUXONIUM ARTIFICIAL ATOM
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TWO CLASSES OF MACROSCOPIC
QUANTUM PHENOMENA

|- Macro-scale manifestation of microscopic quantum effects
Il: Quantum effect displayed by macroscopic collective variable

Example of single crystal in a metastable position:

faces make

angles determined
by quantum orbitals
(type | phenomenon)

_— whole crystal will eventually fall,
due to quantum fluctuations of its
center-of-mass position

tvma |l nhanamanan )
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OUR CENTRAL EXPERIMENTAL QUESTION:
DO MACROSCOPIC VARIABLES FULLY OBEY
QUANTUM MECHANICS?

Must aim at precision measurements: slight discrepancy
with quantum theory must be detectable.
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MACROSCOPIC COLLECTIVE
SYSTEMS FOR WHICH QUANTUM
MECHANICS IS RELEVANT
AT PRESENT

Electrical domain: superconducting circuits
Collective variables: charge, flux, current, voltage

Mechanical domain: microfabricated resonators
Collective variable: position or momentum of beam
or membrane

(ground state recently attained at | J(;SB)



A SUPERCONDUCTING CIRCUIT
CAN POSSESS A SINGLE COLLECTIVE DEGREE
OF FREEDOM

SIMPLEST EXAMPLE: SUPERCONDUCTING/LC \O.SCILLATOR CIRCUIT

MICROFABRICATION smp L ~ 3nH. C ~ 1pF, @, /27 ~ 4GHz

o < \/h~100GHz

e 0ok =G 1 RONIC FLUID FLOWS BACK AND FORTH BETWEEN PLATES......
ALL ELECTRONS ARE PAIRED AND BEHAVE AS A SINGLE CHARGED ENTITY




DEGREE OF FREEDOM IN ATOM vs CIRCUIT

Superconducting

Example of Rydberg atom LC oscillator
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DEGREE OF FREEDOM IN ATOM vs CIRCUIT

Superconducting

Example of Rydberg atom LC oscillator

unique electron — whole superconducting condensate
velocity of electron —  current through inductor
e obOFCE ON electron  —  voltage across capacitor  ruesww



QUANTUM CIRCUITS IN A NUTSHELL.:
FLUX AND CHARGE DO NOT COMMUTE
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PB: IN THE LC CIRCUIT ALL TRANSITIONS
ARE DEGENERATE!
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NEED NON-LINEARITY TO FULLY
REVEAL QUANTUM MECHANICS
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spectrum I [




SUPERCONDUCTING CIRCUIT ELEMENTS

= X
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CAPACITANCE INDUCTANCE
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SUPERCONDUCTING CIRCUIT ELEMENTS

Il
X

R i
CAPACITANCE INDUCTANCE

RESISTANCE
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SUPERCONDUCTING CIRCUIT ELEMENTS

__— Josephson
X element

< /
B i3

CAPACITANCE INDUCTANCE

RESISTANCE
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SUPERCONDUCTING CIRCUIT ELEMENTS
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THE FLUXONIUM CIRCUIT IS A SIMPLE
COMBINATION OF THE 3 BASIC ELEMENTS

- X

E, < E.<E,

In original proposal of A.J. Leggett, circuit was "RF-SQUID" with:
Prss: 0020008 . b <P,



JOSEPHSON TUNNEL JUNCTION
PROVIDES A NON-LINEAR INDUCTANCE
WITH NO DISSIPATION

- L C;
; =2 =—>

rr‘ _[: 0 L L — u — u
Ff = : s

LJ" £ \dt! / \ \ ¥

I=Lsin(¢/dh)  4=-—



JOSEPHSON TUNNEL JUNCTION
PROVIDES A NON-LINEAR INDUCTANCE

WITH NO DISSIPATION

L;
= ="

U=—E, cos|¢/¢,)

Bare Josephson potential

' T(T'HW




CIRCUIT AT CHIP LEVEL

small
junction

400 nm

Al/AIOx/Al

inductance
array
junctions

o
o
| —
—
—_—
| —
—
| —
—
=
—
e
—
—
o
—
—
—
—

SO0 nm

E.='%2eX(C/HC,) =25 GHz
T=15mK (~300MHz)
E; =2 (P, 27 P 1L;=8 9GHz
irsa: 10030008 _ e - Number Of atoms&no
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JLC CIRCUIT = PENDULUM + SPRING

angle of pendulum : gauge invariant phase difference

moment of inertia of pendulum : junction capacitance
spring system : loop inductance
torque due to gravity : Josephson current

potential energy of pendulum : Josephson energy

irsa: 10030008 Page 68/70
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CLASSICAL vs QUANTUM
REGIMES IN JOSEPHSON CIRCUITS

Josephson energy Coulomb energy (1e)
l baTer fransp®’ l
| = e’
-—'.:—IIA-—scgap e

valid for / = condm" channels
opaque barrier \ /

proportional to junction area 4

1 — 1
Characteristic frequency @, :};«,/3;_-]:} == - ~10GHz
7 indtof 4
Mumber of levels in main well ~ i 4 «—— canvaryhy

SE.. 1061



JLC CIRCUIT = PENDULUM + SPRING

angle of pendulum : gauge invariant phase difference

moment of inertia of pendulum : junction capacitance
spring system : loop inductance

torque due to gravity : Josephson current

potential energy of pendulum : Josephson energy

-

A p)
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