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Founded as PTR in 1887 by
Helmholtz and Siemens

World leading National Metrology
Institute

Belongs to Ministry of Economy
Braunschweig und Berlin

1800 Employees
— 800 scientists
— 100 PhD students

Duties:

Realization and dissemination of the
units

Calibration sevices for industry and
society

Basic research for the realization of
the units
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Base unit of electrical current:
The Ampere

Definition based on force between two
current carrying wires

|dealized measurement scheme (infinitely
long, parallel, negligible cross section...).

Defines vacuum permeability L.
Time of definition: 1948

Minimum uncertainty of realization: 3-10-/
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Quantum metrology

James Clerk Maxwell, 1870:

,If, then, we wish to obtain standards of
length, time, and mass which shall be
absolutely permanent, we must seek them
not in the dimensions, or the motion, or
the mass of our planet, but in the
wavelength, the period of vibration, and
the absolute mass of these imperishable
and unalterable and perfectly similar
molecules.”
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Quantenmetrologie

§ 26. Naturliche Maasseinheiten.

Alle bisher in Gebrauch genommene physikalischen Maass-
systeme verdanken ithren Ursprung insofern dem Zusammentrefien
zufdlliger Umstdnde, als die Wahl der jedem System zu Grunde
liegenden Einheiten nicht nach allgemeinen, notwendig fiir alle
Orte und Zeiten bedeutungsvollen Gesichtspunkten, sondern
wesentlich mit Riicksicht auf die speciellen Bediirinisse unserer
irdischen Cultur getrofien 1st. So sind die Einheiten der Linge und
der Zeit aus den gegenwidrtigen Dimensionen und der
gegenwartigen Bewegung unseres Planeten hergeleitet worden.

M. Planck, Ann. Physik 1, 69-122 (1900)
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Quantenmetrologie

Dem gegeniiber diirfte es nicht ohne Interesse sein zu
bemerken, dass mit Zuhiilfenahme der beiden in dem Ausdruck (41)
auftretenden Constanten # und 4 die Moglichkeit gegeben ist,
Einheiten fiir Linge, Masse, Zeit und Temperatur aufzustellen,
welche, unabhingig von speciellen Korpern oder Substanzen. ihre
Bedeutung fiir alle Zeiten und fiir alle, auch ausserirdische und
aussermenschliche Culturen notwendig behalten und welche daher
als ,,natiirliche Maasseinheiten “ bezeichnet werden konnen.

Quantenmetrologie basierend auf Naturkonstanten.

M. Planck, Ann. Physik 1, 69-122 (1900)
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Quantum metrology in present S
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Quantum metrology in new S|
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The new SI
CGPM -Resolution 1 :

"The International System of Units, the SI, will be the system of
units in which:

1.the ground state hyperfine splitting frequency of the caesium 133
atom ... is exactly 9 192 631 770 reciprocal second,

2.the speed of light in vacuum c is exactly 299 792 458 metre per second
3.the Planck constant h is exactly 6.62606X x1034 joule second,

4.the elementary charge e is exactly 1.60217X x10*° coulomb

5.the Boltzmann constant k is exactly 1.380 6X x10723joule per kelvin,
6.the Avogadro constant N, is exactly 6.022 14X x10%3 reciprocal mole,

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut



The new SI
CGPM -Resolution 1 :

"The International System of Units, the SI, will be the system of
units in which:

1.the ground state hyperfine splitting frequency of the caesium 133
atom ... is exactly 9 192 631 770 reciprocal second,

2.the speed of light in vacuum c is exactly 299 792 458 metre per second
3.the Planck constant h is exactly 6.62606X x10-34 m?-kg-s,

4.the elementary charge e is exactly 1.60217X x1071° A -S
5.the Boltzmann constant k is exactly 1.380 6X x10723 joule per kelvin,
6.the Avogadro constant N, is exactly 6.022 14X x10%3 reciprocal mole,

|X trom CODATA value at time of redefinition |

‘Redefinition planned for 2018! ‘
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The new Ampere

Direct realization:

Generate a quantized current / = e-f by pumping electrons
one by one through a nanostructure with frequency f

f: Pumpin frequency, e: electron’s charge

»

Pl




Semiconductor single electron pumps

Vv nvj)——~

cD!

Phys. Rev. B 77, 153301 (2008)

Semiconductor channel
Topgates define quantum dot
Modulation of entrance barrier
Capture electron on source
Eject to drain

Quantised current: | = e-f

Advantage:

High frequency - high currents
Simple fabrication

Low error rate

Problem:

Rare pump errors ar inenevitable



Decay cascade model

>

* Electrons loaded from source
into QD

[a(2)
* Barrier and dot rise \
— backtunneling of excess
electrons ﬁ n

e Barrier more transparent for

higher electron number
. . rz I'l << I'z
— time scale separation
— n-electron state frozen by }Ec
further barrier rise

e Calculate pumped current

Kashcheyevs and Kaestner, Phys. Rev. Lett. 104 186805 (2010)
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Decay cascade model

o-fitting for uncertainty estimate
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Kashcheyevs and Kaestner, Phys. Rev. Lett. 104 186805 (2010) PIB



Error estimate with decay cascade model
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®PIB Precision current measurement

Highly stable precision current amplifier

MULC A = Traceable with uncertainty < 0.06 ppm
1 = Stability: Drift < 0.1 ppm/week,

Temperatur coefficient ~ 0.2 ppm/K

= Low noise 2.4 fA/NHz

= Measure 100 pAin 10 h with uncertainty
below 0.1 ppm
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D. Drung et al., Rev. Sci. Instrum. 86, 024703 (2015)
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BPIB Precision current measurement
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B PIB Precision current measurement
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Stein et al, APL 107, 103501 (2015)
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BPIB Precision current measurement

= T  Lower uncertainty than best
§ | realization of present Sl!
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Self referenced qua|

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut



Single electron detection
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Counting statistics of pumping
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Statistical data agrees with decay cascade model

Fricke et al PRL 2012 PIB




In-situ error detection

No errors: Constant detector signal

A

detector signals

Time




In-situ error detection

Fehler P1: D1: 1 one electron less

detector signals

Time



In-situ error detection

Error P2; D1: one electron more
D2: one electron less

A

detector signals

Time

v



In-situ error detection

Error P3:
D2: one electron more

detector signals

—
-

Time



In-situ error detection

detector signals

Time



Experiment:

Serielles und simultanes Pumpen

detector signal (a.u.)

i B B —
Sequence periods




Experiment:

Serial and simultaneous pumping
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Experiment:

Serial and simultaneous pumping
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Experiment:

Serial and simultaneous pumping
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Experiment:

Serial and simultaneous pumping

detector signal (a.u.)
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Sequence periods




Experiment: Detection of pump errors

>

(C

— D1

O

C

.9

(Vp)]

| -

O

O

9 D2 T
)

)

kS

Error by P3 (simultaneous pumping)




Statistical analysis of pump errors

(a) sequence periods
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Statistic analysis of current uncertainty

. e —— -

g 0 [ 2.
g} ti =
= e 0.8l erroragcﬁggn ing 3 S
2 B\ L — :% g
g 7 - A £0.6}|__pumpP3 3 2]
— o) = 0
E _8' fis] L 3 _h.
S 5 0.4} "
£—-12 o | '

g | 0.2|

&—16} - i

= . . , L , , , , 0 ;

< 0 100 200 300 400 500 500 510 520 530

g number of pulses onto P3 number of electrons transferred

e Self reference quantized current source
 Uncertainty reduced by factor of 50

Phys. Rev. Lett. 112, 126803 (2014)




Outlook: Achievable current and uncertainty

e Pumping frequency f = 1 GHz

e |nitial errorrate = 1 ppm
e Detector bandwidth = 50 kHz
* 5 pumps in series

> | /1>160pA, Uy <108

M. Wulf, Phys. Rev. B 87, 035312 (2013)



Semiconductor quantized voltage source

An "integrated quantized circuit" (1QC)

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut



Semiconductor quantized voltage

SET-pump:

l=nef

QHE

V = I*h /(v e2)

source
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PIB



Quantized voltage
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Quantized voltage vs. frequency
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filling factor v

F. Hohls et al. Phys. Rev. Lett. 109, 056802 (2012).
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Beyond metrology:
Noise suppression
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Putting electrons on a string

* Shot noise caused by randomness of tunnelling

events

=)

 Noise in a single electron pump?
— Electrons at well defined times - no noise expected

Pl

1 1 1 1 |
f(kHz) 1°
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Noise suppression in an electron pump

Quantized current plateaus | = n-e:f (n=1,2)

Noise suppressed for quantized pumping
Noise in plateau transitions

3 | ' | ' 1 1
| = 129\pA
) R (N o . 201 | = 2.0 ef
— 5 101
2 N 01
— 1 b-F e . \
f=400 MHz
0 N 1 N 1 N 1 N 1
’I:r 10 B ' | ' | ' I ' I
: L% o«?
< ope 2 S
o 1 . < . ] ]
-160 -140 -120 -100 -80
U1 (mv)

APL 92, 082112 (2008)
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Noise in plateau transitions

Probabilities for pumping n electrons

per cycle: p,,
3 probabilities dominate 3 — T
Shot noise (assuming p, ;+p,+p,.1=1)
2
S =2 [pn—l + Pnt1 — (Pn—1 _p-n—HJg] ngp ©
-1
Test for transition between plateaus:
either n or n+1 electrons 0 Q. :
— nonzero shot noise N 10+ '& | R 0' il
— can determine p,, and p,,, N;_ ok O%?&
from current Y Sl e .
— computed noise power -160 -140 -120 -100 -80
agrees with data Ul (mv)

APL 92, 082112 (2008)

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut



Beyond metrology:
On demand source of specific
guantum states?
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Beyond metrology:
Beam splitter experiments and pair
partitioning
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On demand electron pairs
for electron quantum optics
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" ° On-demand source of single electrons
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l ° Partitioning of electron pairs

P, Po
o0 | e
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Partitioning of electron pairs

P, Py
Z 7 ~O\ Y =
% ol ol
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Ubbelohde et al, Nature Nano. 10, 46 (2014)
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What you should keep in mind €&

* Redefinition of Sl base units in 2018
e Expected scale change: < 10/

e Semiconductor quantized current sources

e Suitable as direct realization: u < 2-10”/
e Self referenced current source under development

e Beyond metrology:
* noise less currents
e partitioning
e on-demand source of quantum states

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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