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Part I: Josephson voltage standards and applications

Part Il: Quantum Hall resistance standards and applications
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The Sl today

Stability?

Apracticalfi
sub-system
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The ampere definition

ANnThe ampere iIs that
which, if maintained in two straight parallel
conductors of infinite length, of negligible
circular cross-section, and placed 1 metre
apart in vacuum, would produce between
these conductors a force equal to 2 x10" 7
Newton permetreof | engt h. o

2
|.

. F _ . _
Amp reds | aw for t—lh-e”EﬁaEdeallzed case:

With the ampere definition and
equating mechanical and electrical
power, one obtains for the vacuum
permeability:
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Electrical units in the SI

Link to mechanical units

Amperedef i ni tion introdu:
and fixes the value for

. - N
ng;=4pcno7F

Electrical units:
Two realisations in terms of mechanical

units necessary

Ohmoés IVa=RO

Today:
Ohm: calculable capacitor (10-8)
Watt: watt balance (108)

Varenna 2016 / El. Standards | 5



The Sl realisation of the ohm: the calculable capacitor

Thompson-Lampard Theorem (1956):

expt %Hexp(— %):1

Cross-capacitance identical:

\ f c=% I[n7(2) @L.95pFm *
|
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Calculable capacitor: Practical Realisations

-¢— |aser

Calculable
Capacitor
bars

Guard

Teflon guide
ring

Lower
blocking
electrode

Measurements:
a =5-50cm
eC=0.1-1pF

u: several parts in 108

Running projects
NMIA, BIPM, NRC, LNE

u<108
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Link from the calculable capacitor
to the ohm

QHR

ccC

Ru(2)
1

100 Q

100 Q

CCC

1 kQ

Calculable |0.4 pF
capacitor *
bridge 10 pF
l
10:1 10 pF
C-bridge ,‘,
1nF
l
quadrature | 1nF
bridge *
1592 Hz 100 kO
|
100:1 100 kQ
R-bridge *
1 kQ

AC/DC
transfer

1 kQ

CODATA 2014:

- NPL-88:
- NIST-97:
- NMI-97:
- NIM-95:
- LNE-O1:

New Projects:
- BIPM:
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u=>5.4x10?%
u=2.4x10?%
u=4.4x10°
u=13x10"
u=5.3x108
uc¢ 108
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Realization of the ohm before 1990

A . ASMW/|
. . :géh Complicated electro-mechanical
+10} A oMM | experiments needed to realize the
.05l o A o NeC | ohm
a : ‘ 4 NRC
: sl S P18
0 —=p - ‘. R e Artifacts were used to maintain the
unit:
- driftin time

- differences of up to several ppm
from country to country

AlL
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Electrical quantum standards

Quantum mechanical effects allow the realization of highly reproducible
electrical standards:

B. Josephson predicts quantized
voltage steps in superconductors (1962)
- voltage standard

K. Von Klitzing discovers the quantum
Hall effect in 1980 - Resistance standard
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Electrical standards based on fundamental constants

Josephson effect Weakly coupled superconductors

A
—_ h. . i
<EEO'2 U:—|GJ:—fJ
2 0.1}
% I ||| in .
O HENTEE K,: Josephson constant
Voltage [mV]
Quantum Hall effect 2D electron gas in high
magnetic field
16 F | | | I I i
B i=2 — 6 h RK
12 - R
g 8-— — 435/;3 I:QH — . e D — 3
= O - Z | (@ |
‘T - Ry: von Klitzing constant
0 — 0
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Practical electrical units

ATo make best use of the good reproducibility and worldwide availability of
the quantum standards, the CIPM introduced conventional values for the
Josephson- and von Klitzing constants as of January 1, 1990.

A K,go=483597.9 GHz/ V- rel. uncertainty in the SI: 0.4 ppm
Ry.o0= 25 812.807 W 0.2 ppm

(now: 0.1 ppm)

AWorldwide uniformity and improvement of electrical calibrations as a
consequence of the conventional units.

AThe uncertainty of the constants does only apply if electrical units are linked
with mechanical units.
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Quantum effects and Aracticalfielectrical units

R oo 25812.807
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Electrical units in th «xnew» SI

h and e have fixed values (defining
constants)

U Ry (h/e?) and K, (2e/h) are fixed

U Quantum Hall and Josephson
standards realize the ohm and the
volt in the new Sl directly (assuming
that the QHE and JV relations are
correct!)

U m has to be measured
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Validity of R and K, relations

Determination of the Planck constant

| | | | | | | | |
roadio, 1AG.1S . Watt balance results rely on
vogadro, - t .
QHE and JV relations
Avogadro, IAC-11! @
D Watt balance - Avogadro
watt balance, NRC 15 i O | <~ 10-8
watt balance, NIST 16 | @
@ | watt balance, NIST 15
l l l l l l i l l

-120 -100 -80 -60 -40 -20 0 20 40

9
(h - hCODATA-14)/hCODATA ® 10
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Realization of electrical units

QHR JAVS SET

@O © O
Sampling, Sampling,
resonant @ AC/DC

bridges transfer

4 I N
AC voltage
L AC current )
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@ METAS

- Outline

Part I: Josephson effect

A DC and AC Josephson effects
A Different types of Josephson junctions
A Hysteretic Josephson Arrays and their applications

A Programmable arrays

A Pulsed driven arrays
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Electrons in a superconductor

Cooper pairing mechanism

passage

Region of pos. charge
of electron

persists

2nd electron
attracted by
charge density

A Conduction electrons pair up
through exchange
phonons

A Interaction is isotropic

AMacroscopic wave function
describes entire electronic
system

y :J)/‘eif
| = n = cooperpair density
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DC Josephson effect

Insulating layer
super

conductor 1 nm /
>
X L
N IE

Quantum states in superconductor
described by Schrodinger equation:

dy -1
=" E
it > 7

Two weakly coupled
superconductors:

Phase coherent transfer of Cooper
pairs

dy, _-1

= Ey.+K
dt > V1 TRV
d - |
2 - Ey,+Ky,
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DC Josephson effect (2)

A small supercurrent flows through

the weak link with a corresponding
Sl 4— 52 phase shift:
—@— V=0 . .
| | =I .@in(7, - f1)=1.Gin(f)

| . critical current of the weak link
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AC Josephson effect

with B - B, = 2€V(t) Schrédinger eq. also gives:

> df
v(t)=_2
2e dt DC external current | > 1
,Jf f A Direct voltage across junction
A Oscillating supercurrent flows with
= § S, frequency f
—<: ::)— V>0
l fi= 2—eV
. I 7
| — |
h . _ .
Mean voltage: V =—fj3=FyU; - Voltage driven oscillator

2e
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Josephson Voltage Standard

Microwave irradiation, frequency f, applied to junction:
A Cooper pair current synchronizes with f and its harmonics

A Direct voltage appears at the terminals

h V,~145nV @ 70 GHz
V =n— f ! |
ze V < 2.5 mV (gap energy in Nb)

A Relationship independent of

UTemperature, material, polari za:

A Tested at a level of 33 1019
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Universality Tests

IS
]
ol 0
%L\’“ L

- Extremely sensitive method

J-S. Tsai et al.,PRL, 51, 316 (1983)

ATest of the material independence
of the Josephson relationship

ATwo different superconductors
(Nb, In) and different weak links

1
|s:EﬁV1'V2)dt
L=Lg+L+L,

No difference of the Josephson voltages (when biased with the same
microwave frequency on the same step) at the level of 13 1016

Most precise test (A. K. Jain et al, PRL 58 (1987)): 33 1019
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Real Josephson junction

| =1y, 1, Sinwt IO+Ilsinwt:Icsinf+vlg)+Cd\d/t()
@ v With Josephson relation
R
< V(t)=(>/2e)df /dt
— VO=(2ear
C I I -~ differential equation of a driven damped
| =C dV/dt oscillator -
2
- d’f df . . . . .
X | =1, sinf bc 4t Tt +sinf =i +ig sin(Wi)
Cooper pair current 2%
be=""1 cR°C

A b, (McCumber parameter) describes damping of the Josephson oscillator
(b, )V quality factor LCR resonator (Josephson junction: role of L)
A Chaotic properties; stable operation only in limited parameter space
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|-V Characteristics

2.5 mV -

Weakly damped
Nb-Al,O45-Nb Josephson
junction without microwave
power
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I-V Characteristics with microwave power (f = 70 GHz)

Current (mA) 4
0.21
0.1-
=|I|||!| |!|!|I|| .
|'||| L | |”Vo|tage(mV)
0 1 2 3
A
Current
(MA)
0.2-
0.1-
Voltage(mV)
0 1 1 >
1 2

Weakly damped junction
b.> 100
AVoltage steps at zero current

(hzero crossingo

A Hysteretic

Highly damped junction

b.<1

A Different current for every
voltage step
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Junction Arrays
|ldea: Increase the voltage by cascading an array of junctions in series

A Early days: not possible to produce overdamped arrays with sufficient
uniformity for polarization of the entire array on the same voltage step

Solution: Levinsen (1977) proposes zero-crossing steps (b, > 100)
(SIS junctions: superconductor-insulator-superconductor)

A 1985, first 1 V array: Niemeyer, Hamilton, Kautz, NIST
A1987, 10 V array, NI SIT50 61040004 8v4o |jtuangcet i

Limited parameter space available
A External frequency has to be well above resonant frequency of the junctions,

to prevent chaotic behaviour (70 GHz)
A Current step width > induced current noise
A Dependence of non-chaotic regime on microwave power
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Junction Arrays (2)

Problems to be solved:
AHomogeneous distribution of microwave power to all junctions
A Fabrication of large junction arrays with little variation in parameters

Microstrip line junctions

/ \ . dielectric

ground plane /

Impedance 2to 5 W
- very low attenuation
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