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The quantum metrological triangle (QMT) experiment

B f SET d i h l tBy means of SET devices such as electron pumps,
a current standard with quantized amplitude is available : I = e f

The experiment originally proposed by K. Likharev and A. Zorin in 1985
consists of applying Ohm’s law, U = R I directly to the quantities issued
from ac JE, QHE and SET. 

f

U =n (h/2e) f 

Josephson SET

I = e f

I = e f p
effect effect

SET
pump VJ

f

RH J
fJ

IU IQuantum Hall
effect

pump JH J

I = (e2/h)U



The QMT experiment

Another promising approach to close the triangle is to apply Q = CV

Charging a capacitor electron per electron with a pumpCharging a capacitor electron per electron with a pump
measuring the voltage drop with Josephson voltage standard,
calibrating the capacitance by means of QHR standardg p y f Q

Q = Ne

VJ

Q

C
SET pump

controlled by J
fJ

an 
electrometer

⇒ Electron counting capacitance standard (ECCS)g p ( )



Aims of the QMT

To confirm with a very high accuracy that these three effects of
condensed matter physics give the free space values of constants 2e/h,
h/e2 and e.h/e and e.

The ultimate target uncertainty is one part in 108

If there is no deviation our confidence on the three phenomena toIf there is no deviation, our confidence on the three phenomena to
provide us with 2e/h, h/e2 and e will be strengthened.

If deviation occurs, some other works both experimental and
th ti l ill h t b dtheoretical will have to be done.

To determine the elementary charge e or in other words the chargeTo determine the elementary charge e or, in other words, the charge 
quantum brought by the SET devices

Last but not least, to establish whether the SET can achieve a high level
quantization (ie one part in 108) in particular when the SET device is
connected to an external circuitconnected to an external circuit.
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Quantum standards: universality and high reproducibility

T t f th i lit f l ti i l d i J h d t H ll ff tTest of the universality of relations involved in Josephson and quantum Hall effects:

UJ / f and i× RH (i) independent of materials

at a level of  2.10-16 1.10-10

J.S. Tsai et al – 1983 A. Hartland et al - 1991 
B. Jeckelmann et al – 1995

Unique representation of the volt and the ohm:

JE: In microbridge and planar Nb/Cu/Nb junction QHE: GaAs/AlGaAs and Si-MOSFET 

The recent international comparisons of complete JE and QHE systems show a 
high level of consistency: from a few 10-11 to a few 10-9.

These remarkable results do not prove that the phenomenological constants are 
exactly 2e/h and h/e2 but they strengthen our confidence in the equalities KJ = 2e/h

d R h/ 2 i dditi t t th ti l tand RK = h/e2 in addition to strong theoretical arguments.
If corrections exist, they will be probably of fundamental nature. 



Different uncertainty thresholds for closing the QMT (1)

First critical test of validity for SET: Uncertainty of 1 ppm

Neither the JE nor the QHE is questionable at that uncertainty level

 ⇒ recently completed by NIST with σ = 9 2 parts in 107 ⇒ recently completed by NIST with σ  9.2 parts in 10



Different uncertainty thresholds for closing the QMT (2)

S d i l l li bSecond uncertainty level lies between
7 parts in 107 and 2 parts in 108

l i i f i ill b i l l f h d⇒ resulting information will be mainly relevant for the JE and 
the SET

Thi f th t di t l f Γ’ (l ) d V (Si)This comes from the present discrepant values of Γ’p h-90 (lo) and Vm(Si) 

P. Mohr, B.N. Taylor, D.B. Newell, Rev of Mod Phys., vol.80, 2008



Closing the triangle: first way U = R × I

As for JE, KJ = (2e/h)|JE and QHE, RK = (h/e2)|QHE, one can define
a phenomenological constant: QX = e|SET

Dimensionless product to be measured
JE

U =n KJ
-1fJ

U

R K Q = 2 if :
RK = h/e2

K = 2e/hRK KJ QX = 2 if : KJ = 2e/h
QX = e

R I

Exactness ?!

RK KJ QX = (n i/G) ( fJ / fSET) 

QHE SET

DC

I = Q fR = RK /i

K J QX ( ) ( fJ fSET)

G = N /N I  QX fSETR  RK /iG = NP/NS
gain of the CCC



Closing the triangle: second way Q = C × U

ECCS: Charging a capacitor electron per electron by a SET pump andECCS: Charging a capacitor electron per electron by a SET pump and
measuring the voltage drop with Josephson standard

JE 

U =n KJ
-1f ’J

CECCS = KJ QX /[(n/N) f’J]

C d C lib d b
U

CECCS compared to CX calibrated by means
of QHR standard via quadrature bridge (RCω = 1)

R K Q = (n/N)(C /C ) ( f’ / f ) i

C Q

RK KJ QX = (n/N)(CECCS/CX) ( f J / fq) i

Q d b id
QHE SET

AC

C = i/(2πfqRK) N QX

Quadrature bridge

C /( πfq K) N QX



Determination of the charge quantum

Since a long time (1950’s), the evaluation of the elementary charge e, is 
derived from a complex calculation and is no more related to an 
experimentexperiment.

In the framework of the LSA by the CODATA (>1973), e is no more an 
adjustable constant and its value is obtained from the relation giving α:µ0c

2h/e2
α = e = 2αh

µ0c√
CODATA 2006: e = 1.602 176 487 C and σ = 2.5 10-8

f h/ d R (C l i QHE)α from ae, h/m and RK (Calc. capacitor + QHE)

h via KJ
2RK (WB + QHE + JE)

To combine the three experiments QMT, calculable capacitor and watt balance

⇒ a first determination of e involved in SET devices⇒ s de e o o vo ved S dev ces
without assuming that RK = h/e2 and KJ = 2e/h



Determination of the charge quantum

The watt balance provides the SI value of the product K 2RThe watt balance provides the SI value of the product KJ
2RK

KJ
2RK = A1{f2J/(Mgv)}SI A1 : dimensionless factor, fJ : Josephson freq.

M d d th’ it ti lM:  suspended mass, g : earth’s gravitational 
accel.

v : constant speed of the moving coil within B.

The determination of RK from calculable capacitor to the QHR standard

R = A {(∆Cf )-1} A : dimensionless factorRK = A2{(∆Cfq) 1}SI A2 : dimensionless factor
fq : frequency of the balanced quadrature bridge
∆C: capacitance variation of the calc. capacitor

QMTQMTU = RI

RKKJQX = n(i/G)(fJ/fSET) ⇒ QX = A3{(∆CfqMgv)1/2/fSET}SI

QMT Q = CV

RKKJQX = A4(n/N)(CECCS/CX)(f’J/fq) ⇒ QX = A5{(∆CMgv/fq)1/2}SIK JQX 4( )( ECCS X)(f J fq) X 5{( g q) }SI

Ai dimensionless factors
- Piquemal et al., in Proc. of the international school of 
physics “Enrico Fermi” IOS Press, 2007.
- Keller et al., Metrologia, 2008



Determination of the charge quantum

1.0
Direct value
LSA&CODATA

(e  - e CODATA 2006 ) x 106 

Two direct values independent of the QHE and the JE

e = [α3Ar(e)Mu/(µ0R∝NA)]1/2

- A (e): 2006 CODATA0 6

0.8
LSA&CODATA

Ar(e): 2006 CODATA
- Mu : = 10−3 kg.mol−1 exactly.
- R∝ : 2006 CODATA
- α :  ⇐ ae and h/mCs, Rb

1/2 3

0.4

0.6

e direct 

- NA ⇐ NA = Vm(Si)/(81/2d220
3)

0 0

0.2

e CODATA 2006 = 1.602 176 487(40) 10-19 C Q X

-0.2

0.0
1980 1985 1990 1995 2000 2005 2010 QX value from QMT

at NIST with ECCSat NIST with ECCS

σ = 0.92 10-6
Comparisons: QX ⇔ e,

R ⇔ h/ 2 K ⇔ 2 /hRK ⇔ h/e2, KJ ⇔ 2e/h
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Principle of the CCC Harvey 1972

SQUID: Superconducting QUantum Interference Device:
very sensitive magnetic flux detector δΦ ≈ few µΦ0/Hz1/2

(typ.)

II
SQUID

X

X I

I2
Pick-up coilSQUID

X

X

SQUID
X

X

X

X I

I2

I

I2
Pick-up coil

I1 B=0 (a)I1 B=0 (a)
I1

Φ = f(I)

I

I1I1

Φ = f(I)

I

I2I2

I

Β = f(I)

Superconducting
shield

Supercurrent

I

Β = f(I)Β = f(I)

Superconducting
shield

Supercurrent

Application of the Ampère’s law :

Supercurrent
I = N1I1-N2I2 Primary

winding
N1I1

Secondary
winding

N2I2

Supercurrent
I = N1I1-N2I2 Primary

winding
N1I1

Secondary
winding

N2I2

∫(a) B.dl = 0 = µ0 (I1+I2-I)
ampere - turn balance : I = 0

N2I2 = N1I1

I = I1+I2

N2 2 N1 1

G = I2/I1 = N1/N2



Experimental set-ups based on CCC

CCC as current amplifierCCC as current amplifier

Two detection levels: magnetic flux and voltage RH J
δΦ

GISET

ISET 

VSET
pump

RH JJ
δΦ

GISET

ISET 

VSET
pump

Highly accurate gain: σG < 10-9
δV

pump
δV

pump

CCC (G = 40 000): δI < 1 fA/Hz1/2, tmeas = 10 hours, σ<I>/I < 10-7 ⇒ I > 60 pA

δV/V = ([δI2
CCC+ (4kT/G2RH)]/I2

SET+ δV2
ND/V2)1/2 ≈

δICCC/ISET
( ) , meas , <I> p

δΙ 

I I δΦ

δΙ 

I I δΦ

CCC as current detector

SET
pump

Rcryo

J

Output
ISET IR δΦ

SET
pump

Rcryo

JJ

Output
ISET IR δΦ

δI/I = [4kT/Rcryo)]1/2/ISET

Single detection level

[ cryo)] SET

Rcryo = 100 MΩ at 4.2 K: σ<I>/I < 10-7 ⇒ I > 80 pA

in both cases: SQUID t t δΦ 0 (Fl L k d L )in both cases: SQUID operates at δΦ ≈ 0 (Flux Locked Loop)



U t 2 l b t i h i d t t f t d li d

Present status of U = RI triangle experiments

Up to now, 2 laboratories have carried out measurement of current delivered
by a SET device with a CCC

1) NPL: SETSAW device1) NPL: SETSAW device
J.T. Janssen and A. Hartland, 2000 Standard uncertainty: 3 fA for 1 nA of current

2) LNE: 3-junctions R pump

From 2000 to 2006, with CCC in non accurate mode
B St k l M t l i 08B. Steck et al, Metrologia 08

Best Type A uncert.: 60 aA for 16 pA (3.9 ppm)

Since 2007, with CCC in accurate mode
B. Steck – N. Feltin  et al, CPEM’ 08

Best Type A uncert : 24 aA for 6 pA (4 ppm)Best Type A uncert.: 24 aA for 6 pA (4 ppm)

Towards a closure of the triangle via U = RI at 1 ppm next year !

10-6 on 1 pA 6 electrons per second !



Principle of the QMT set-up at LNE
10 MHz rubidium

f

DC SQUID 20 GHz

reference

RFB

source

Vout
Waveform
generator

Flux
Transformer

INT FB
EXT FB

DAC b d

N1 turns N2 turns

Calibrated
10 kΩ

DAC based
Bias current 

source
30 mK

VR VJ

INT FB t d
CCC

SET pump Program.
JAVS

N1 turns 230 mK
4.2 K 4.2 KVd

INT FB:  non accurate mode

EXT FB: accurate mode

JAVS



Results on 3-junctions R pump (SQUID in int FB)

ith PTB B Steck et al Metrologia 2008- with PTB pump I (pA)
B. Steck et al, Metrologia 2008

40 fA40 fA
Zorin et al. , 2000

- with pump from LPN
(Laboratoire de Photonique et de Nanostructure)

20 I (pA)

0

f = 20 MHz

f = 10 MHz
I (

pA
)

f = 50 MHz

-200 -150 -100 -50 0 50 100 150 200

-20

V (µV)

up to 50 MHz

Vb (µV)



Results on 3-junctions R pump (SQUID in int FB)

Two key issues:y

- No real measurement of the flatness of the current step 
- No idea of the quantization level !

⇒ go to the accurate mode of the system involving 

resistance calibrated in terms of RK and the JAVS

with the target uncertainty of one part in 106g y f p



Data recently measured at LNE (SQUID in ext FB)

Q (N /N )( f /K V )/(f R) ∆ / (Q )/

-1 6
-1.5 ur = 7⋅10-6

1.7 ur = 4⋅10-6
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QMT : very first measurement of flatness

1

fSET = 37.69  MHz and nJ=5    fJ=73  GHz
Vo= center of the plateau

1

0

1

-5
)

 V
b0

 V
b
 = V

b0
 - 15 µV V1= Vo-15 µV

-2

-1

 ∆
e/

e 
(*

10
-

f = 100 MHz

f = 75 MHz
f = 60 MHz

plateau

0 1 2 3 4 5 6 7
-4

-3 f = 50 MHzf = 25 MHz

f = 10 MHz

Number of measurement

Long time measurements performed with various bias g p
voltages in order to check the flatness of current steps

⇒ The plateau is flat within one part in 105⇒ The plateau is flat within one part in 105



IV- Conclusion (1)

Technical and technological challenges

Development of CCC as current amplifierDevelopment of CCC as current amplifier

Development of single charge transport devices as p g g p
current source with I >> 1 pA
Growing number of new devices, some are very promising
e.g. - Hybrid SINIS SET turnstile (Pekola et al.) 

- electron pump based on silicon nanowire (Blumenthal et al.)

⇒ Current plateaux observed at a level 100 pA⇒ Current plateaux observed at a level 100 pA

Improvement of metrology relative to ultra low p gy
amplitude of current (< 1 nA)



IV- Conclusion (2)

Possible contributions

to test and hopefully to enhance our confidence on QHE, JE 
and SET to provide h/e2, 2e/h and e

to improve knowledge on fundamental constants, in particular to improve knowledge on fundamental constants, in particular 
the elementary charge

⇒ This direct determination of e via QMT, calculable capacitor 
and watt balance links up with the historical experiment of 
Millikan early last centuryMillikan, early last century 

to give some elements of thought about a redefinition of 
l i l i d i i f h Selectrical units and a revision of the SI



Impact of electrical constants in Metrology

< 1 nA
Capacitance

Current

Z0 = µ0c210 pFSET

e
Lampard

JE QHEh/e22e/h α

1 Ω to 1 MΩ0 to 10 V

JE QHE α
h

1 Ω to 1 MΩ

Watt balancePotential difference Resistance

1kgMass

For a revised SI with
> 1 nA fixed values of h and e



Muchas gracias !
 ff

Muchas gracias !

Pompe à électronsRéseau de jonctions

f

Electron pumpJosephson junctions

f

Pompe à électronsRéseau de jonctions
josephson

Electron pumpJosephson junctions 
array 

I = Q X fU =n K J
-1f 0.5 cm 2 µm

I = QXfU =nKJ
-1f

U I
Quantum Hall Array 

Resistance standards 
(QHARS) U IU IU I

I = U/RK



Cross calculable capacitance standard
Theorem of A Thompson and D Lampard (1956):Theorem of A. Thompson and D. Lampard (1956):
For a cylindrical system of 4 isolated electrodes
of infinite length and placed in vacuum, 1

2
1

2

exp(-π γ13/ε0) + exp(-π γ24/ε0) = 1

In the case of a perfect symmetry with identical γij

4

2

3

γ13 γ24

4

2

3

γ13 γ24

p y y γij

γ13 = γ24 = γ = (ε0ln2)/π = 1.953 549 043 ... pF/m ⇒ ∆C = γ∆L

LNE, five-electrodes capacitor METRECalculable
capacitor

QHE
METRECalculable

capacitor
QHE
QHE

RK

1 pF

Calculable
resistor

100 Ω

Capacitance
bridges

CCC
10 pF

100 pF

1 pF

Calculable
resistor

100 Ω

Capacitance
bridges

Capacitance
bridges

CCC
10 pF

100 pF
f)

AC

DC

SECOND

R C ω = 1   ω (rd/s)
R

C
D 10 000

resistor

10 kΩ

1000 pF

10 nF AC

DC

SECOND

R C ω = 1   ω (rd/s)
R

C
D 10 000

resistor

10 kΩ

1000 pF

10 nF

)
b)
e)

LNE-2000, RK = 25 812.808 1(14) Ω

Quadrature bridge
SECOND

Quadrature bridgeQuadrature bridge
SECONDa) d) c)

2010



Josephson voltage standards

Quantum effects occurring between two superconducting electrodes

Brian Josephson 1962

Quantum effects occurring between two superconducting electrodes 
separated by a small region where the superconductivity is weakened: 
thin insulating film

Microwave
radiation f

IMicrowave
radiation f

I

n = 1
Microwave
radiation f

IMicrowave
radiation f

I

n = 1

g f

10 V Josephson junction arrays

Oxide layer
≈ 2 nm

f

V
Oxide layer

≈ 2 nm

f

V

n  1

Oxide layer
≈ 2 nm

f

V
Oxide layer

≈ 2 nm

f

V

n  1

V = (h/2e) f
1 2 3 4

I (mA)

V = (h/2e) f
1 2 3 41 2 3 4

I (mA)

V = f/K ≈ 145 µV≈ 145 µV at f = 70 GHz≈ 145 µV at f = 70 GHzV = f/KJ ≈ 145 µV 
at f= 70 GHz

Steps around 10 VKJ = 2e/h, the Josephson constant

⇒ Programmable arrays for DC and AC applications

pJ , p



Quantum Hall resistance standards Klaus von Klitzing, 1980

At low temperature and under high magnetic field, 
the Hall resistance of the 2DEG exhibits plateaux centred
on quantized values:on quantized values: 

RH (i) = h/ie2 = RK/i, where i is an integer, 
R the von Klitzing constantRK the von Klitzing constant.

LEP 514 Hall bar samplep
GaAs/AlGaAs heterostructure

⇒ Arrays of Hall bars for scaling up to 1.29 MΩ and down to 100 Ω



Watt balance: monitoring the kilogram           electrically 

LNE balance
Static speed v

Dynamic
B I

P
m Bv

y

Fz
P

Fz = mg = -I ∂Φ/∂z

ε

ε = - ∂Φ/∂t = -∂Φ/∂z vz g

Equivalence between mechanical and electrical power  ⇒ Fzv = εI  ⇒ mgv = εV/R

- ε and V in terms of Josephson effect: ε = n1f1/KJ, V = n2f2/KJ

- R in terms of quantum Hall effect: R = RK/i K2
JRK

A
⇒ mgv =

⇒ m = h , assuming KJ = 2e/h and RK = h/e2

4gv
A

where A = n1f1 n2f2i

Towards a redefinition of the kilogram
in term of the Planck constant h ?!



Single electron tunneling: towards quantum current standard

El b Coulomb staircase<n> Coulomb staircase<n>
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junctionCJ g

when  n - 1/2 < CGU/e < n + 1/2

Thermal fluctuations of n are negligible if k T << e2/C
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-

+

n

C

Metallic island
q = QG - Q = n e

U
-

+

n

- Thermal fluctuations of n are negligible if kBT << e2/Ci

- Quantum fluctuations of n negligible when Rj >>  RK

CG Gate
capacitor

CG Gate
capacitor

The wave function of electron in excess on the island is well localised

3-junctions electron pump 

Two modulation signalsi
C2U2C2U2C2U2C2U2Two modulation signals

at frequency f 
phase-shifted by Φ =π/2

n1 n2n1 n2

transistor e

e-e P
N

C1U1(0,0) (1,0)

(0,1)e

e-e P
N

C1U1(0,0) (1,0)

(0,1)e

e-e P
N

C1U1(0,0) (1,0)

(0,1)e

e-e P
N

C1U1(0,0) (1,0)

(0,1)

⇒ I = e × f+V/2 -V/2U1

I C1

U2

C2

+V/2 -V/2U1

I C1

U2

C2

Minimum energy states of the island
as a function of U1 and U2

-e (n1,n2)

Minimum energy states of the island
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-e (n1,n2)

Minimum energy states of the pump
As a function of U1 and U2

Minimum energy states of the island
as a function of U1 and U2

-e (n1,n2)

Minimum energy states of the island
as a function of U1 and U2

-e (n1,n2)

Minimum energy states of the pump
As a function of U1 and U2

AnimPompe.exe
For f = 100 MHz ⇒ I = 16 pA

1 21 2As a function of U1 and U21 21 2As a function of U1 and U2


