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Background

Revision of the SI (metric system) in 2019 represents a change of paradigm for metrology

The 7 base units are now defined in terms of 
fundamental constant of nature that are 

assigned to fixed exact value

Each experiment able to correlate a measurable quantity to a 
fundamental constant of nature 

(or a combination of fundamental constants) 
becomes a direct realization of the corresponding SI unit.

Memristive devices for quantum metrology as a standard of resistance



MEMQuD goals

 Realization of memristive devices (WP1)
- Development of memristive model systems
- Influence of doping and mass impurities on switching materials
- Selection of memristive devices with quantized conductance levels

(Applications: metrology & neuromorphic computing)

 (Nano)metrology for memristive devices (WP2)
Development of a metrological framework for the characterization of memristive materials
(metrology of chemical, structural and ionic/electronic properties to investigate the switching mechanism)

 Memristive devices for metrology (WP3)

To assess the possibility of using memristive devices as a standard of resistance
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Background – the standard of resistance

Klitzing, K. V., Physical Review Letters 45.6 (1980): 494.

Credit: PTB website

First observed in 1980 by 
Klaus von Klitzing
Nobel prize in 1985

The Hall conductance is
quantized in units of e2/h
(quantum of conductance)

relative uncertainty of few parts in 
108 can be obtained

Exploited for practical
realization of the

standard of resistance



A new standard of resistance

The conductance can be 
quantized in units of e2/h
(quantum of conductance)

Can be exploited for 
practical realization of the

standard of resistance!
T. Tsuruoka et al. Nanotechnology 23.43 (2012): 435705.

G. Milano, et al., Advanced Quantum Technologies 3.5 (2020): 2000009.



QHE devices vs memristive devices

High Magnetic field is required Magnetic field is NOT required

Low temperature is required Works at room temperature in air

Low uncertainty Higher uncertainty (to be evaluated)

G. Milano, et al., Advanced Quantum Technologies 3.5 (2020): 2000009.

Works in a wide range of temperatures,
In harsh environment, CMOS compatible



QHE devices vs memristive devices

Implementable on-chip 
for self-calibrating systems 
with zero-chain traceability

(in the spirit of the revised SI)

G. Milano, et al., Advanced Quantum Technologies 3.5 (2020): 2000009.
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Concept of memristor associated
to resistive switching phenomena

Stanley Williams, 2008

Nanoionic devices

Leon Chua, 1971

Ionics is coupled with electronics

Symmetries: i, v, q, φ ω State Variable
(not necessarily electrical)

MEMRISTIVE DEVICES



10

• Multilevel storage capability
• High endurance and retention

 For in-memory computing

 For neuromorphic applications

• Emulates synaptic strength
• Analog programmability
• Short-term and long-term memory dynamics
• Large and dense arrays as neural networks

MEMRISTIVE DEVICES



Resistive switching mechanism

MEMRISTIVE DEVICES

Nanoionic devices:
ionics coupled with electronics

Functionalities rely on the 
formation/rupture of a conductive filament
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Resistive switching mechanism

MEMRISTIVE DEVICES

Functionalities rely on the 
formation/rupture of a conductive filament

The internal state of resistance
depends on the history of 
applied voltage/current

 Memory applications
 Analogue computing
 Artificial synapse

(neuromorphic computing, AI)
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Memristive devices – working principles

Resistive switching and quantum conductance effects in memristive devices

Quantized conductance phenomena can be 
observed by electrically manipulating atoms

Electrical control of filament morphology

Quantized conductance effects

G = N G0 = N 2𝑒𝑒
2

ℎ

G0 is related only to fundamental
constants of nature fixed in the revised SI



NANOSCALE METROLOGY

 Investigation of resistive switching mechanism 
and local electrical properties by means of scanning 
probe microscopies (SPMs)

Nanoelectrical and nanodimensional characterization of 
memristive devices

Operando STM Operando C-AFM TERS, TEPL
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 Investigation of resistive switching mechanism 
and local electrical properties by means of scanning 
probe microscopies (SPMs)

 3D reconstruction of the memristive
cell through scalpel C-AFM for 
investigating the conductive filament 
formation/rupture underlying resistive 
switching mechanism

 Operando quantification and metrology of 
chemical, structural and ionic/electronic 
properties of memristive devices

Scalpel C- AFM
3D tomography

Operando TEMHigh resolution XRSOperando XPS and 
SIMS

NANOSCALE METROLOGY

Operando STM Operando C-AFM TERS, TEPL

Nanoelectrical and nanodimensional characterization of 
memristive devices



SUMMARY

Memristive devices for quantum metrology
as a standard of resistance

by coupling ionics with electronics

Quantized conductance levels can be programmed
in air at room temperature, without applying a magnetic field

CMOS compatible Implementable on-chip Scalable to the nm

Towards self-calibrating systems with zero-chain 
traceability G. Milano, et al., Advanced Quantum 

Technologies 3.5 (2020), Cover Image
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CONTACTS

https://sites.google.com/inrim.it/adv-mat-dev/home
http://www.nanofacility.it

Websites

Images from the nanoworld - Nanofacility at INRiM

g.milano@inrim.it

Italian National Institute of Metrological Research, INRiM
Advanced materials & devices group

Gianluca Milano

@Milano_Gian

https://sites.google.com/inrim.it/adv-mat-dev/home
http://www.nanofacility.it/
https://twitter.com/NamesPolito
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