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Spintronic diodes

Type of response

Resonant 

Non-resonant
- Broadband
- Multimodes

Low-frequency

Frequency response

MHz (ferromagnets)

GHz (ferromagnets)

THz (antiferromagnets)

Regime of behavior 

Passive

Active 
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Motivation
The Internet of Things (IoT) is a compelling platform connecting
various sensors around us to the Internet, providing great
opportunities for the realization of smart living.

- The market doubled in 5 years.
- The development of products
for IoT will be a key challenge:
cost as low as possible
low energy consumption
nanoscale size
high performance

USD >1000 billion by 2027
Digital Twin
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Motivation
The Internet of Things (IoT) is a compelling platform connecting
various sensors around us to the Internet, providing great
opportunities for the realization of smart living.

- The market double in 5 years.
- The development of products
for IoT will be a key challenge:
cost as low as possible
low energy consumption
nanoscale size
high performance

- A path to face this challenge…
Spintronics, successful stories for sensors (i.e. GMR/TMR hard
disk read heads, automotive…), memory (STT-MRAM), etc..

low energy consumption
nanoscale size
high performance
The cost is expected to reduce thank to the STT-MRAMs
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Motivation

Sensors
Computing
STT-MRAM
Oscillators
Detectors
Spintronic energy 

harvesters
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Resonant spintronic diode
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Microwave Current
- Diode effect

A.A. Tulapurkar, et al, Nature 438, 339 (2005).
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Resonant spintronic diode

Used for the characterization of the damping-like
and field-like torques in MTJ

The detection sensitivity was too low for practical
application in microwave detectors.

Milestones
Interfacial perpendicular anisotropy (IPA)

Voltage controlled magnetocrystalline anisotropy (VCMA)
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Resonant spintronic diode

Electrostatic interaction MgO/CoFeB surface perpendicular anisotropy

The easy axis depends on
the thickness of the CoFeB

A B C

eff ext exch ani M TH IPA     H H H H H H H
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Resonant spintronic diode

The detection in passive diodes can be improved with the additional 
support of the 

– VCMA
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Type of response Regime of behavior Frequency response

Resonant Passive GHz (ferromagnets)
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Resonant spintronic diode

Type of response Regime of behavior Frequency response

Resonant Active GHz (ferromagnets)

Nonlinear rectification effect

Injection locking (zero field operation and room temperature)
- Auto-oscillator
- An ac input with a frequency close to the one of the auto-oscillator
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Resonant spintronic diode

75600
V
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Injection locking

passive “Resonant Type” 
(1kV/W) sensitivity
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Resonant spintronic diode
Self oscillation ID (IAC=0) Injection locking ID + IAC
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Resonant spintronic diode
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Type of response Regime of behavior Frequency response

Resonant Active GHz (ferromagnets)

dc ac s s d dc ac

1
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2 cV I R Φ I R I    Nonlinear rectification effect

Nonadiabatic stochastic resonance (field and low temperature)

Nonlinear resonance (field and room temperature)

First demonstration that spintronic diodes overcome the thermodynamic 
limit of Schottky diodes 
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Resonant spintronic diode
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Type of response Regime of behavior Frequency response

Resonant Active GHz (ferromagnets)
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Vortex core expulsion (field and room temperature)

Spin bolometer and injection locking (field and room temperature)
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Resonant spintronic diode

Raimondo, et al 
submitted for publication.

Injection locked spintronic diodes – ReLU-like activation function



2 June 2021 – SPICE

Resonant spintronic diode

Injection locked spintronic diodes - Degree of Rectification

Mazza, et al 
submitted for publication.
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Resonant spintronic diode

Spintronic diodes as receivers for demodulation of Frequency-shift keying!
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Motivation

• Spintronic energy 
harvesters

Type of response Regime of behavior Frequency response

Broadband Passive GHz
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Motivation – Energy Harvesting

Electromagnetic
Energy harvesting
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Motivation – Energy Harvesting

Spintronic diodes
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Motivation – Energy Harvesting

The efficiency goes down for input power below 100 uW.
Low barrier Schottky diodes can be used for power below 10 uW.

MTJ (spin diode effect) can be a 
direction towards nW

electromagnetic energy harvesting
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Broadband Spintronic diode

Tilted Easy axis induced
by the IPA
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Broadband Spintronic diode

Type of response Regime of behavior Frequency response

Broadband Passive MHz-GHz
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Broadband Spintronic diode
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Broadband Spintronic diode

VCMA

Second order anisotropy
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Broadband Spintronic diode
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Broadband Spintronic diode

Tilted Easy axis induced
by the IPA Detection voltage almost independent of  the 

input frequency within the broadband response  
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Broadband Spintronic diode
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Broadband Spintronic diode

Schottky diode Area > 10 um2

Spintronic diode Area < 0.1 um2
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Broadband Spintronic diode
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Broadband Spintronic diode
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Broadband Spintronic diode
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Broadband Spintronic diode
Optimization of broadband detectors
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Broadband Spintronic diode

Injection locked spintronic diodes – Array configuration
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Broadband Spintronic diode

Type of response Regime of behavior Frequency response

Low-frequency tail Passive MHz
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THz Detectors

 Incoherent detection systems which
allow only signal amplitude detection.

 Coherent detection systems, which
allow detecting not only the amplitude
of the signal, but also its phase.

 Photon detectors.
 Thermal detectors.

 Graphene based THz detectors.
 THz detectors with metamaterials.
 AFM –based THz detectors.
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THz Detectors

Type of response Regime of behavior Frequency response

Resonant Passive/Passive THz

Theoretical predictions

Main motivations:
 Resonant
 Tuneable electrically
 Compact size
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THz Detectors

Micromagnetics
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THz Detectors
Homogeneous intersublattice exchange constant A0=5.0 pJ/m
Atomic lattice constant a=0.5nm  A0/a2=20MJ/m3 (high hom. interlattice exch.)
Atomic lattice constant a=1.0nm  A0/a2=5MJ/m3

Atomic lattice constant a=2.0nm  A0/a2=1.25MJ/m3 (low hom. interlattice exch.)

Numerical results agree with the analytical model: 

Resonant frequency and 
linewidth as a function of the 
input current amplitude. 
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THz Detectors

LOW
HOM. INTERSUBLATTICE EXCHANGE

HIGH
HOM. INTERSUBLATTICE EXCHANGE
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THz Detectors
J

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THz Detectors
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THz detectors

 Above-threshold regime
 Locking of the oscillation at the 

THz signal
 Narrow-band detection
 Quality factor 𝑄 = 𝑓/∆𝑓 of 

about 400
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THz Detectors
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Conclusions

Spintronic diodes based on magnetic tunnel juntions are
ready to face the last challenges needed to face before
approaching the market!

Antiferromagnets are very promising for the realization of
a resonant, compact (sub-micrometer size) and tuneable
THz detector. (Still on the paper but I think in less than 1
year, there will be a proof-of-concept.


