


The vision of Max Planck may become true 
(2018: 100th anniversary of Nobel Prize for Max Planck) 

“....with the help of fundamental constants we have 
the possibility of establishing units of length, time, 
mass, and temperature, which necessarily retain 
their significance for all cultures, even unearthly 
and nonhuman ones.“                       

Ann.Physik 1, 69-122 (1900) 



!! 







All measurements can be expressed  
by our 7 base units  

(SI units = Système international d'unités) 

International system  
of units (SI units) 

second for time 

    metre  for length  

    kilogram   for mass  

kelvin  for temperature 

ampere for electric current 

    candela for luminous intensity 

    mole for the amount of substance 

FORCE BETWEEN WIRES 

TRIPELPOINT OF H2O 

 PROTOTYPE 

© BIPM 



© BIPM 



Publication 2005:  
Redefinition of the kilogram: a decision whose time has come 



Metrology focuses on practical applications “for all time, for all people”  

 

The discovery of LASER allowed high precision measurement of velocity of light ! 
Since 1983 fixed value c = 299792458 m/s for the definition of the length unit „meter“ 
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h = Planck constant 

 

f = gravitational constant 

 

c = light velocity 

 

k = Boltzmann onstant 
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hresistance: Quantum Hall Effect 
von Klitzing constant RK=h/e² 





Most important discovery 
at age of 23 ! 





with 
microwave 
E=h 
V=n(h/2e) 

V ↔ h/2e 





Approximate Level of Agreement in  
Voltage Measurements among  
National Standards Laboratories 

Standard Electrochemical Cell 
V = 1.018 V 

Josephson Effect 
factor of 100 more stable  

than Weston Cell 



USA:           2e/h = 483593.420 GHZ/VNBS 
France:      2e/h = 483594.640 GHZ/VFrance  
Russia:       2e/h = 483596.176 GHZ/VRussia 
 
Recommendation CCE (1972)  
and accepted by all other countries:  

2e/h = 483594.000 GHZ/V 
 
 

  

4 different “VOLTS” existed at the time 
of the Quantum Hall Discovery (1980) 



p
p

m
 

U.S.S.R. 

France 

U.S. 

all other 
countries 

NEW CONVENTIONAL VOLT DEFINITION (1990) 

3.565 ppm 

6.741 ppm 

8.065 ppm 

9.264 ppm 

Today: NEW SI VOLT 

(will never change) 

VOLTAGE 

Similar applications 
of the 

QUANTUM HALL EFFECT 





New type of electrical resistance  
with a fixed value h/e2 25812 Ω 

Nobel Prize 1985 



All quantized Hall resistances  

(different materials like silicon, GaAs or graphene) 

show the same value with at least 10 digits  

by comparing different devices! 

(however only 8 digits can be measured within our present SI system) 

Requirement: 2-dimensional electron system and strong magnetic fields 



before QHE: 
resistance standard represented by wire resistor.  

(The NML in Australia was able  
to calibrate wire resistors in SI units)  
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wire resistors show  
time-dependent variations 

Comparison of the 100 Ω standard resistor at LNE  
with a QHE device 



  

…that many national laboratories use the 
Josephson effect and the quantum Hall effect to 
maintain representations of the volt and of the 
ohm, as these offer the best guarantees of long-
term stability, 
        that because of the importance of coherence 
among the units of measurement of the various 
physical quantities the values adopted for these 
representations must be as closely as possible in 
agreement with the SI.  



The Comité International des Poids et Mesures,recommends 

•that 25 812.807 Ω exactly be adopted as a conventional value, denoted 

by RK-90, for the von Klitzing constant, RK,  

•that this value be used from 1 January 1990, and not before, by all 

laboratories which base their measurements of resistance on the 

quantum Hall effect,  

•that from this same date all other laboratories adjust the value of their 

laboratory reference standards to agree with RK-90,  

 

•and is of the opinion that no change in this 

recommended value of the von Klitzing constant will 

be necessary in the foreseeable future. 

CIPM, 1988: Recommendation 2 



conventional value  New SI 
+ 17·10-9 



Calibration 
with own QHE 
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 every 2 years a travel to Paris (BIPM) 



Josephson Volt Equipment 
(commercially available) 

Quantum Ohm 
In cooperation with NPL 

Quantum Volt 
In cooperation with PTB 





1998 2002 2006 2010 2014 

25 812.807 4 Ω 

25 812.807 3 Ω 

25 812.807 5 Ω 

25 812.807 6 Ω 

25 812.807 7 Ω 

conventional value (1990): 
25 812.807 000 Ω 

10 -9 corresponds to 1 cm relative to  
the diameter of earth 

16.11.2018: voting for a fixed value  
(like velocity of light) 

jump of 
17·10-9 





Quantum Units 
(conventional units outside the official SI units) 

SI Units 
(base and derived) 

Ω = 
𝐤𝐠 𝐦𝟐

𝐀𝟐𝐬𝟑  

A90 
C90 

adjusted 
in 1990 

W90 

L90 

The new SI (which includes h and e)  
will unify these two worlds  

RK-90=25.812,807 000 000  RK=25.812,807 450 3045  



− the decision to  
adopt the conventional values  

of the Josephson constant KJ–90 and  
of the von Klitzing constant RK–90 taken by  

the CIPM (1988, Recommendations 1 and 2) at the  
request of the CGPM (18th meeting of the CGPM, 1987, 

 Resolution 6) for the establishment of representations of the volt  
and the ohm using the Josephson and quantum Hall effects, respectively,  

is abrogated. 

Your vote today: 

GOOD NEWS: 
The value of RK=h/e² will be a 
FIXED number compatible with 
the new SI system 



fixed values without uncertainties 

h/e² = 25812,807 459 304 506 660 045 516 706 087 443 042 457 273 
221 403 421 768 329 716 073 228 965 768 572 716 532 282 171 634 
884 319 000 217 144 421 378 765 742 75.. Ohm  



An unexpected application of  
electrical quantum units: 
 

Realization of an electronic 
kilogram based on a  

fixed value for h 

Credit: TU Ilmenau 



quantum Hall effect 

  Josephson effect     

Planck constant h  ↔  mass m 



Physical Measurement 
Laboratory 

Le Grand K 
The artifact Kilogram The Kibble Balance 

The electronic Kilogram (The NIST-4 Watt Balance) 



I look forward for the 
vote on draft resolution A 

Constants of nature are the most 
stable basis for an universal system 
of units “for all time, for all people”  







Practical unit of electrical resistance (international Ohm until 1948): 

Since 1884: column of mercury with diameter 1 mm² and length 106.0 cm 

Since 1893: column of mercury with diameter 1 mm² and length 106.3 cm  

1 Ωint 1 Ωabs 

up to 1990: resistance standard represented by wire resistor 

since 1990: 

conventional value for the 

quantized Hall resistance 

≡ 25812,807 Ohm 

(fundamental constant) 



THE FUTURE IS NOW! 





1 day = 10 hours 
1 hour = 100 minutes 
(introduced by law for  
only 2 years  
1793-1795) 

Introduction of „Metric System“  
by French Academy of Science 

…1, 10, 100, 1000, … 

22.8.1790: Working Group for an 

UNIVERSAL SET OF UNITS 

1 week = 10 days 

NO 



New International Electrical Reference 
Standards Based on the Josephson and 
Quantum Hall Effects 
B N Taylor1 and T J Witt2  
Metrologia, Volume 26, Number 1 

http://iopscience.iop.org/journal/0026-1394
http://iopscience.iop.org/volume/0026-1394/26
http://iopscience.iop.org/issue/0026-1394/26/1


International system  
of units (SI units) 

second for time 

    metre  for length  

    kilogram   for mass  

kelvin  for temperature 

ampere for electric current 

    candela for luminous intensity 

    mole for the amount of substance 

METROLOGY 
= Science of Measurements 

FORCE BETWEEN WIRES 

TRIPELPOINT OF H2O 

PROTOTYPE 

http://www.nist.gov 

All measurements can be expressed  
by our 7 base units  

(SI units = Système international d'unités) 

Diploma work at Royal Academy, London  







Present for Max Planck 
at his 80th birthday  

 (23.4.1938) 

h  6,543210· 10 -27 erg sec 

2018:     h ≡ 6,626 070 15 ·10 -34 kg m2s-1 

A real birthday gift for Max Planck 80 years later (2018) 



1998 2002 2006 2010 2014 

25 812.807 4 Ω 

25 812.807 3 Ω 

25 812.807 5 Ω 

25 812.807 6 Ω 

25 812.807 7 Ω 

conventional value (1990): 
25 812.807 000 Ω 

10 -9 corresponds to 1 cm relative to  
the diameter of earth 

2018: fixed value: RK = 25 812.807 459 304 …Ω 

20.5.2019: 
A jump in resistance calibrations  

by 1.78 ·10-8 



h/e² = 25812,807 459 304 506 660  

045 516 706 087 443 042 457 273 

221 403 421 768 329 716 073 228 

965 768 572 716 532 282 171 634 

884 319 000 217 144 421 378 765 

742 75.. Ohm  











How my Nobel Prize Contributed to this Development 



Fundamental constants ( h, e, c, kB, NA) form the  

most stable basis for a new international system  

of units. They will replace our present SI system  

in the near future, the member of the  

‘The General Conference on Weights and Measures’)  

have the chance to decide, that this future starts today!   

The Biggest Revolution in Metrology  
Since the French Revolution 




