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What is AI?

The development of computer systems
able to perform tasks that normally
require human intelligence

natural language processing understanding

visual perception



What is AI good for?



AI - Healthcare

Medical diagnosis and treatment.



AI - Financial services

fraud detection
credit scoring
investment analysis



AI - Autonomous vehicles

AI algorithms are being used to develop self-driving cars and trucks, 
which have the potential to reduce accidents and improve traffic flow.



AI - Education

AI could be used to develop personalized learning experiences, allowing 
students to learn at their own pace and in their preferred style.



AI – computation challenges



The end of Moore’s law

Moore’s Law: the number of 
transistors in a dense 
integrated circuit doubles 
about every two years



The end of the Dennard scaling law

Dennard scaling law: as transistors get smaller, their power density stays 
constant, so that the power use stays in proportion with area

Since around 2005–2007 Dennard scaling appears to have broken down



Von Neumann bottleneck

While the processor can execute instructions very quickly, it must spend a significant amount of time 
waiting for data to be transferred to and from memory

CPU execution time - a few nanoseconds or less
memory access times - tens to hundreds of nanoseconds



The need for Edge computing

Data processing and analysis are performed on the devices or systems that generate the data, 
rather than sending all the data to a centralized location, such as a cloud server, for processing

Applications for edge computing include autonomous vehicles, industrial automation, 
smart cities, and healthcare monitoring systems



The hunger for power

N. Jones  Nature 2018



AI – Neuromorphic computing

Artificial neural network

Stage 1:
Linear operation on the signal

Stage 2:
Non-linear “activation function”

Visual perception



The crossbar – a central analogue AI hardware 
Analogue execution of the  linear  operation

In memory processing:
fast and energy efficient

removes major computation barriers
particularly for AI at the edge 

Ohm’s law for crosspoint multiplication
Kirchhoff's law for summation



The crossbar – material options

Redox (reduction oxidation) materials

Wang et al. Nature Reviews  5, 173 (2020)



The crossbar – material options

Phase change materials

Wuttig and Yamada Nature Materials  6, 824 (2007)



The crossbar – material options

Shao et al. Nature Electronics  5, 67 (2022)

Ferroelectric tunnel junctions



The crossbar – material options

Magnetoresistance (spintronics)

low resistance high resistance

I I

Magnetic tunnel junction (MTJ) 



The crossbar – material options

Wang et al. Nature Reviews  5, 173 (2020)



The spintronic crossbar 



Spintronics – magnetic random access memory with MTJs

Oersted field Spin transfer torque Spin orbit torque
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Samsung’s Spintronic Crossbar with MTJs

S. Jung et al. Nature 601, 2011 (2022)

64x64 crossbar



The performance of MTJ-based Crossbar

S. Jung et al. Nature 601, 2011 (2022)

Limitation – only 2 weights per junction 

28x28 pixel image



The spintronic crossbar

From binary to multi-state



Increasing the number of resistance states

Proceedings of the IEEE, vol. 104, no. 7, 1449, July 2016

Sci Rep 6, 31510 (2016)



Using a new angle – the M2TJ



M2TJ the angular degree of freedom

I

FM1

FM2

NOW Our approach

θ

FM1
FM2

 1 cos
2junction avR R R ϑ= − ∆



High-order magnetic anisotropy induced by shape

2 states 4 states 6 states 8 states

Basis for PHE sensors   

 
10 @1pT Hz
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Using such structures for multi-level MRAM  US Patent 10,204,678



The remanent magnetic configurations

Telepinsky et al., Appl. Phys. Lett. 108, 182401 (2016)
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S. Das et al., Appl. Phys. Lett. 116, 262405 (2020).

Ordinary 
states

Staggered 
states

Neel states



Exponential number of magnetic configurations 

22*2 = 16 22*3 = 64 22*4 = 256



Stabilization of all 16 states
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S. Das et al., Appl. Phys. Lett. 116, 262405 (2020).

Experimental demonstration of high order magnetic anisotropy

JPHE

AMR

Thin ferromagnetic film

M

Jθ

RPHE   α sin2θ



S. Das et al., Appl. Phys. Lett. 116, 262405 (2020).

Magnetization manipulation with spin currents

Switching with spin currents between an 
ordinary state and a Neel-like state

How to identify a Neel-like state?



Ta (10-x)nm

Ta (x) nm

NiFe 2 nm 

NiFe 4 nm
AlOx 1.2 nm 

Al98.5Si1Cu0.5 300 nm/TiW 15 nm

Cross sectional view

Ta 5 nm

8 µm
1 µm

AlOx

Top electrode 
(AlSiCu/TiW)

Final top view

Bottom electrode (Ta)

Ta(10 nm)/NiFe(3 nm)

Junction Area (150 nm × 900 nm): Ta (10 
nm)/NiFe (2 nm)/

AlOx(1.2 nm)/  NiFe(4 nm) / Ta cap 

1 µm

1 µm

8 µm

Fabrication of M2TJ

6 µm

S. Das et al., Appl. Phys. Lett. 117, 072404 (2020)



Characterization of M2TJ
Four distinct states

PHE: I+,I- : V+,V- = 1,2 : 3,4 
MTJ: I+,I- : V+,V- = 6,1 : 5,2 
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RMTJ (β) = RAV - a cos(β- β0)

S. Das et al., Appl. Phys. Lett. 117, 072404 (2020)

RPHE (β) = b0+bsin(2β)



MultiSpin.AI

EIC Pathfinder Open
The team, combining researchers from academia and industry, 

will develop innovative neuromorphic computer hardware to be

used for AI computation that will be based, among other, on 

patents from Prof. Klein's laboratory in the field of Spintronics. 



Lior Klein - coordinator Susana cardoso de Freitas Flavio Abreu Araujo

Konstantin Zvezdin Pietro Perlo Marina de Souza Faria



https://multispinai.eu



Thank you!

multispin.ai MultiSpinAIMultiSpin.AI MultiSpin.AI

Visit our 
website:

Follow us on social media:
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