2026: Celebrating FERMI

PROGRAMME

The Enrico Fermi paper "Sulla Quantizzazione del gas perfetto monoatomico” was presented to the Academia
Nazionali dei Lincei by Antonio Garbasso at the Session of February 7, 1926. Franco Rasetti, In the "Collected
Papers" by Enrico Fermi, mentions this paper as "probably his most famous theoretical contribution, when he
formulated the theory ...of particles.. now designated in his honour as fermions"

Thursday 5 February

10.00 Welcome address

Carlo DOGLIONI (Presidente della Classe di Scienze Fisiche, Matematiche e Naturali dell’ Accademia
Nazionale dei Lincei)

Angela BRACCO (Presidente della Societa Italiana di Fisica e del Centro Enrico Fermi)

Chair: Massimo INGUSCIO (Linceo, UCBM-Roma, LENS-Firenze)

10.20 Klaus VON KLITZING (Max Planck Institute for Solid State Research): A Century of Fermi Energy: Quantium
Hall Physics and Metrology

11.00 Leonardo FALLANI (Universita di Firenze): New quantum simulations with ultracold Yb fermions

11.40 Coffee break



2026: Celebrating FERMI

Alessandro Volta: building the future with science

International Conference
Villa Erba, Cernobbio, 14-15 April 2025

Opening event of the celebrations for the bicentenary of the death of Alessandro Volta
From scientific discoveries and research to new technologies and innovation for the benefit of human kind

Program

April 14, 2025 (International Weorld Quantum Day)
15:00 Institutional greetings and introduction
Chair Massimo Inguscio, Accademia Nazionale dei Lincei

15:30 Klaus von Klitzing, Nobel Prize in Physics 1985, Max Planck Institute
Electrical Measurements and Quantum Physics



125 birthday

—
1901: the year of

the first Nobel Prize

Enrico Fermi
ForMemRS

-3 WIKIPEDIA

The Free Encyclopedia §

Fermi in 1943

Born 29 September 1901
Rome, ltaly

Died 28 November 1954
(aged 53)

Chicago, lllinois, U.S.

Nobel Prize Physics 1938

FERMIONS
FERMI-DIRAC DISTRIBUTION
FERMI-ENERGY

FERMIOLOGY
Composite FERMIONS

Nobel Lecture, December 12, 1938
Artificial Radioactivity
Produced by Neutron
FERMI Bombardment

unexpectedly saw FISSION

VON KLITZING
unexpectely saw QUANTUM HALL EFFECT
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presented by the Associate A. Garbasso at the meeting ¢t 7 Fe‘b‘?uaFy 1926

On the Quantization of the Monoatomic Ideal
(3as FERMIONS

FERMI-DIRAC DISTRIBUTION
FERMI-ENERGY
F. Fermi FERMIOLOGY
Composite FERMIONS
Introduction

A recent experiment [r]:] has brought a nearly-ideal gas of Fermi-Dirac parti-
cles (*°K atoms) to the condition of quantum degeneracy, in which the symmetry
of the many-particle wavefunction has a dominant effect on the equation of state
of the gas.

In the above-mentioned experiment, the gas atoms w
netic field, whose effect is expressed by the harmonic potenti

Viz,y,z) = g (wi(z? +4°) + w2z?)

QUANTUM
Hall Effect

where x,y, z are Cartesian particle coordinates, M is the particle mass, w, = * 5 February 1980
2w 137 Hz, and w, = 27w 19.5 Hz. This situation is close to that portrayed in the



February 5, 2026:
A conference day to celebrate TWO birthdays

100" birthday of Fermi-Dirac statistic 46" birthday of Quantum Hall Effect
with the consequence of a new Sl system

Since 20.5.2019:

New Kilogram
New Ampere
New Kelvin
New Mole
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A New Electrical Resistor
with a value R = h/e?

fractional uncertainty

Realization of a Determ|nat|’on s@the

Resistance Standard

If h/e? is known

Application of QHE:

10-2 } formula on the blackboard as a
puzzle for posterity.
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...... he purposely left the wrong




Remarks on the quantum theory of the absolute zero of temperature
G.Beck, , and W. Riezler
Die Naturwissenschaften 2, 38-39, (1931)

“Correction”

Die Naturwissenschaften, March 6, 1931

The note by G. Beck, H. Bethe and W. Riezler, published in the January 9 issue
of this journal, was not meant to be taken seriously. It was intended to characterize
a certain class of papers in theoretical physics of recent years which are purely
speculative and based on spurious numerical agreements. In a letter received by the
editors from these gentlemen they express regret that the formulation they gave to
the idea was suited to produce misunderstanding.

To = —(2/a — 1) degrees.

Puttin we obtain for 1/a the value 137 in perfect eement within

the limits of accuracy with the value obtained by totally independent methods. It

can be seen very easily that our result is independent of the particular crystal lattice
chosen.

G. Beck, H. Bethe, W. Riezler Nobel Prize for
Cambridge, 10 December 1930 RAMAN



My field of research:
How to understand the movement of

electrons in MOSFETs
for smaller and faster devices

Basic research on the most
important device in
microelectronics (silicon field
effect transistor = MOSFET)
led to the unexpected
discovery of the quantized
Hall effect
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From the work of an experimental physicist....

HALL EFFECT A reproducible plateau

Quantized Hall Resistance h/e?

A close to the upper Surface Science 142 (1984), 147-154
Hall boundary of the sheet THEORY OF THE QUANTIZED HALL EFFECT
_ DJ. THOULESS
vo Ita ge UH 0.4 3 Department of Physics FM -15, University of Washingion, Seairle, Washingion 98195, USA

(I =1 uA = const.)

i 1 mV/cm

aend

Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, UK

Received 6 July 1983; accepted for publication & September 1983

1. Integer quantization

The discovery by von Klitzing, Dorda and Pepper [1] that the Hall conduc-
tance of a two-dimensional electron system can be, with very high precision, an
integer multiple of e’/h was a triumph of experimental physics.

0.0 0.5 1.0 1.5 2.0
magnetic field (T)

Ideal curve
. Two quantum phenomena necessary
Experlmentel curve for observing the QHE (discrete energies):

a) 2-dimensional electron system
b) Landau levels (e.g.strong B)

Magnetic field B

>



GRAPHENE (atomic layer of Carbon)

(ideal 2-dimensional conductor):

strong magnetic field

QUANTUM HALL EFFECT
Resistance U/l = h/e*= R,

Hall voltage U

current /



2-dim. electron system + strong magnetic fields

Electrons move on closed cyclotron orbits (like in atomic physics)

Fermi-Dirac statistic in real space Area A for one
Occupation with different center coordinates cyclotron orbit:
A=AX-AY=h/eB
= area of 1 flux quantum

(uncertainty relation in
REAL SPACE !)

QHE =
closely packed
electron orbits

(incompressible)




Wikipedia Explaination of QUANTUM HALL EFFECT

B=0: constant density of states
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Wikipedia Explaination of QUANTUM HALL EFFECT

B=0: constant density of states
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Quantum Hall Devices (GaAs):

Spin Splitting of Landau Levels

spin split
Landau level

ENERGY

Experiment: NO double peaks

MAGNETIC FIELD B



longitudinal resistance R, (k<)
o

Integer Quantum Hall Effect for High

Mobility GaAs/AlGaAs Heterostructure
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ENERGY

Quantum Hall Devices (GaAs):

A System with Many Energy Gaps

Fermi Energy jumps across the gap
at integer filling factors

aIi;';/her//gv

degeneracy for
each discrete level
= # of flux quanta ~B

Zeeman gap

cyclotron gap

. ;%QHE condition

periodic in 1/B
(Fermi energy in gap)

MAGNETIC FIELD B



Single Electron Transist View 0 Vooes
ingle Electron Transistor B P e P
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Experiments confirm that

the Fermi enerc
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(energy gap!)
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NO quantum Hall plateaus since the condition of fully occupied
Landaulevel is fulfilled only for very special magnetic field values!

v 43 2 1
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Experimental Facts:

The quantized Hall resistance is extremely reproducible !

von Klitzing, K. et al. (1980) 25812.68 (8) Q
BIPM (France) 25812.809 (2) Q
PTB (Germany) 25812.802 (3) ©
NBS (USA) 25812.807 (1) Q
LCIE (France) 25812.802 (6)
NRC (Canada) 25812.814 (6) O
NPL (UK) 25812.809 (1) OQ
ETL (Japan) 25812.806 (7) Q
IMS (Russia) 25812.807 (8) Q
VSL (The Netherlands) 25812.802 (5) ©
NIM (China) 25812.806 (16) Q
EAM (Switzerland) 25812.809 (4) O
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Task Group “Quantum Hall“ at NBS

Monitoring the U.S. Legal Unit of Resistance via the Quantum Hall Effect

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. IM-36, NO. 2, JUNE 1987

2.65

2.957

2.45-

2.357

2.257

1983

Quantized Hall resistance
(3 different devices
relative to the NE

Slope =/=6

- 1985 1886 1987 1088 1989

Years



From Basic Research to Applications

QUANTUM HALL EFFECT

Opened a new research field
(including application in metrology)



Citations per year

350

300

250

200

150

100

50

First Quantum Hall Publication: 11.8.1980

von Klitzing et al., PRL V45 P494
5,543 citations (30.04.2025)

Scientometrics (2024) 129:1079-1095
https://doi.org/10.1007/511192-023-04906-

®

Check for
updates

/%2 1\ || How can revivals of scientific publications be explained using
A

%a /|| bibliometric methods? A case studv discovering booster
= papers for the 1985 Physics Nobel Prize paper

Robin Haunschild' @ . Werner Marx' - Jiirgen Weis'

Received: 24 July 2023 / Accepted: 1 December 2023 / Published online: 13 January 2024
©The Author(s) 2024
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QUANTUM HALL EFFECT:
THE FIRST TOPOLOGICAL INSULATOR

Physics Today September2025

FIGURE 1. WHEN IDENTICAL PARTICLES change places, their quantum statistical character shines thro ough, In three spatial
dimensions, exchanging particles twice is the same as leaving them alone, and it follows that particles must be either fermions
or bosons, But in reduced-dimensional spaces, there's a spectrum of other possibilities, (Fi igure by Freddie Pagani.)

12 PHYSICS TODAY | SEPTEMBER 2025

lanckigonstant
watt balance

2006 2008 2010 2012 2014 2016 2018 2020



Speciality of 2-dimensional systems:

Particles behave not only as FERMIONS or
BOSONS but also as ANYONS ( any-ons)

New quantumstate with
different phase

Y
-

© C. Marcus




Impact of the Original QHE Publicatio

Iandwevel

guant effect

Physics Today September2025

semic@fpductor

composite fermion
~eam epitaxy
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bilayer graphene

aharonov-lgphm effect

> nanostiictures
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FIGURE 1. WHEN IDENTICAL PARTICLES change places, their quantum statistical character shines through, In three spatial
metrQIogy dimensions, exchanging particles twice is the same as leaving them alone, and it follows that particles must be either fermions
= or bosons, But in reduced-dimensional spaces, theres a spectrum of other possibilities. (Figure by Freddie Pagani.)

12 PHYSICS TODAY | SEPTEMBER 2025
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Impact of the Original QHE Publication

4 20 years ago
quantufnhall effect QHE and Metrology
semic@fductor
o composig fermion Quantized Hall resistance revolutionized
@ e N (= 40 years after the discovery)

our International System of Units

aharonov-lphm effect

» nanostiictures

quanﬂm dot \. .. .
metrology volli fe]e] o] ?\'
\

quantumn wires

A New International System of Units

guantum peint contact

planckigonstant

jical superconductor 5 yea rs ago int€rnational gystem of units

topological states josephsgn effect

kibble balance |, a1t balance

shionl oies ©Robin Haunschild*, Werner Marx, and Jiirgen Weis



INTERNATIONAL SYSTEM OF UNITS

ALL MEASUREMENTS IN OUR UNIVERSE CAN BE TRACED

BACK TO THE 7 BASE UNITS OF OUR S/ SYSTEM:
KILOGRAM, METER, SECOND, AMPERE, KELVIN, MOL, CANDELA

p 330 @ LiTIEI= KOREA -
g_ lgge e O May 20, 2019
p el worldwide change in measurement laws




7 Sl base units

Situation
10 years ago

How can QHE be mtegrated |nto
our Internatlonal System of Umts'-’

The metre is defined by taking the fixed
numerical value of the speed of light in
vacuum, c, to be 299 792 458 when
expressed in the unit m/s.

Kilogram prototyp not stable !
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‘ Representatives. of the Meter Convention voted unanimously. to redefine four basic units of measurement:
- ©  the kilogram, the mole, the kelvin, and the ampere. Among them'was Klaus von‘Klitzing, front row, taking

“e. a picture, discoverer of the von Klitzing constant in 1980, for-which he received a Nobel Prize.
. 4 Credit...Matt Roth for The New York Times
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Quantum metrology united all countries |




New Definitions of SI

KILOGRAM KELVIN AMPERE

273.1575K

Dewar

vessel VARoUE

Ice 1T W
sheath

The% 4
contact

liquid ‘
Quantum Kilogram

h = = e= N,
6.626 070 15 x 1034 s | 1.380 649 x 102 J/K 1.602176 634 x 10-°C  6.022 140 76

T lce water
mixture

s of carbon-12 powder =1

x 1023 mol1
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ELECTRICAL QUANTUM STANDARDS







Our New SI| System

CODATARECOMMENDED VALUESOFTHEFUNDAMENTAL
CONSTANTS OF PHYSICS AND CHEMISTRY  NIST SP 959 (June 2019)

An extensive constants list is available at physics.nist.gov/constants.

Quantity Symbol Numerical value Unit

*133Cg hyperfine transition frequency Avcs 9192631770 Hz

*¥speed of light in vacuum c 299 792 458 ms— 1

*Planck constant @ 6.62607015 x 1034 JHz1!
' h 1.054571817...x 10~%% Jg

*¥elementary charge ® 1.602176 634 x 10— 19 C

*¥Avogadro constant Na 6.02214076 x 1023 mol !

*¥Boltzmann constant k 1.380649 x 10— 23 J K=

¥luminous efficacy Keg 683

electron volt (e/C) J eV 1.602176 634 x 10— 1°

Josephson constant 2e/h K; 483597.8484 ... % 10°

von Klitzing constant 2mh/e? Ryx 25812.80745...

molar gas constant Nak R 8.314462618...

Stefan-Boltzmann const. n2k%/(60h>c2) o 5.670374419... x 10—8

*Defining constants of the International System of Units (SI).




Calculated von Klitzing costa
R CQEeLEONS4Q Rosss

oIe 189628069483326708455321978636254281728494658

8357299684093¢
332071233859871 QED correctlons? 950559470887042232733954593703467654
2624713947896751444 9166501055796733958699145001525815707301968

07794523922286571219626039688737836828842906311604825818122439671427
1884015339064744580558045245099408 AA8316743222192441638573926
2708991096954452328562893763279¢ Grawtatlonal 5454192845324325022
4354734199506152257170115567257 2649673688649348373
0754763308373260323585772151149 Field ? }4721314078164034080
8317457760806701512070942690053675429176965840962009638231378317723
8953315269366720535728752400531769855897217630973638284031650531224
50651313357953997757860188836661566148841132888725845344695764980632
61107743566471984685014937992076949684202351009905634780040228805973
410045014483915088251106648700703456225812652449278244365....0hm




Consistency Check of Quantum Standards

André-Marie /728

‘civilisational decline’
of Europe ?

A TEST FOR “QUANTUM” IF
VOLTA, OHM, AND AMPERE MATCH

© Physikalisch-Technische Bundesanstalt

Alessandro Volta

Georg Simon Ohm



Realisation of the ELECTRIC BASE UNIT AMPERE

SINGLE ELECTRON PUMP

electron sea

, +V, cos 2nft
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AccV SpotMagn Det WD Exp 1 500 nm
5.00 kV 3.0 55727x TLD 66 1

quantized charge pumping
B. Kaestner et. al.
(PTB Braunschweig)

electron sea

APL 92, 192106 (2008)



Typical Single Electron Pumps...

National Physical Laborator y

...With connections to
qguantum dot qubits




A bit of the action

In the race to build a quantum computer, companies are pursuing many types of quantum bits, or qubits, each with its own strengths and weaknesses.

i

Capacitors Y @

Current Microwaves

Laser

Electron

O

Inductor

Laser

" ——Microwaves

Electron

Qubit €< quantum metrology

Superconducting loops  Trapped ions Silicon quantum dots Topological qubits Diamond vacancies

A resistance-free current Electrically charged atoms.|§ These "artificial atoms” are Quasiparticles can be seen | A nitrogen atom and a vacancy
oscillates back and forth around  jons, have quantum energie \ made by adding an electron to the behavior of electrons add an electron to a diamond
a circuit loop. An injected that depend on the location o a small piece of pure silicon. channeled through semi- lattice. Its quantum spin state,
microwave signal excites the electrons. Tuned lasers cool Microwaves control the conductor structures JZAr along with those of nearby
current into super- and trap the ions, and put them \glectron's quantum state. braided paths can gz carbon nucleil, can be

position states. in superposition states. controlled with light.
Longevity (seconds)

0.00005 >1000 10

Logic success rate

Bickel/Science;(DATA) Gabriel Popkin



FERIMII and QUANTUM HALL SCIENCE

FERMIONS:
FQHE = QHE of COMPOSITE FERMIONS (1 electron + 2 flux quanta)

BOSONS:
QHE = COMPOSITE BOSONS (1 electron + 1 flux quantum) IN 2-D
SYSTEMS

ANYONS: & Two-dimensional system (2-D SYSTEM)



A very powerful quasiparticle
(introduced by Jainandra Jain)
h/e h/e

Bertrand | Halperin ¢ Jainendra K Jain

QHE|=

F
QHE of Cﬂo site fermions
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L New Developments
L
ww«w Scientific

—— o o - - — -

data of Pan et al., u=10’cm?/Vs, T=30 mK
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Bose Condensate of Excitons

upper layer T T T
seudospin P & & o L B P & &
P P A & S\N="}P N & &
& & & 9 D & &
A & & & & & & &P
lower layer Py & OO P L &
seudospin 4 & T & &
P P e & & .V LV & & S
& & & Dy & &
A & & & & & & &

Ground State at n,=1:

exciton
[Tt +GL ") (T ewslo).
k k

Bose-Einstein Condensate of Excitons (with inter-
layer phase coherence) in the ground state

)

H. A. Fertig, Phys. Rev. B 40, 1087 (1989)



A Success of Global Cooperation

The constants of nature are the
most stable basis for a
UNIVERSAL SYSTEM OF UNITS

“for all times, for all people”.




OPEN QUESTION

HOW CONSTANT ARE FUNDAMENTAL CONSTANTS ?

Suffiently constant for metrology:
a ppIJi]@atciJ@ns

a Al& <101 /y/ ar
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