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Internet (PC & cloud IT)

Sony/IBM tape (330TB)

Seagate HDD (16TB)

Internet of Things (edge IT)

Big data storage

Sony optical disc (3.3TB)Samsung Flash SSD (30TB)

ZB = 109 TB



Big data processing: 1. Artificial neural networks 

Mass applications – Google Brain (2012 – image recognition, 2016 – language translation)

Σ xi • wij =   yj

Hebbian learning Δwij ~ xi • yj

Synchronous: memory & processor under global clock 



General purpose CPU (Intel) a few big cores

General purpose GPU (NVIDIA) 2,000 medium cores

Neuromorphic TPU (Google) 30,000 small cores

Σ xi • wij =   yj

Hebbian learning Δwij ~ xi • yj

Big data processing: 1. Artificial neural networks 

Mass applications – Google Brain (2012 – image recognition, 2016 – language translation)

Synchronous: memory & processor under global clock 



Prezioso et al. Nature 521, 61 (2015)
Hu et al. Nature Elec. 1, 52 (2018)
Ambrogio et al. Nature 558, 60 (2018)

W1,1

W3,10

I1 I2 I3

xi

G11

wij

G12 G13

G21 G22 G23

yj

Weighted sum   →   Kirchhoff’s rule

Big data processing: 1. Artificial neural networks 

Logic-in-memory

Σ xi • wij =   yj

Hebbian learning Δwij ~ xi • yj



Non-CMOS resistive memories

Adesto

CBRAM
1μs & 512kb

Panasonic/Fujitsu

RRAM
10ms & 8Mb

EEPROMHard disc, Flash-SSD, Optical disc
100μs & TB‘s

CPU

SRAM
Mb‘s & 1ns

DRAM
Gb‘s & 10ns

Intel

PCRAM
1μs & 128Gb

Everspin

MRAM
10ns & 1Gb

‘1’ ‘0’

Metal ions Oxygen ions

‘1’ ‘0’

Ferromagnetic

Phase change

Conductive-bridge Resistive



Non-CMOS multi-level resistive memories: electrical switching

unipolar

bipolar

bipolar

Fukami et al. Nature Mater. 15, 535 (2016)

Pt/Fe2O3

Zhong et al. Phys. Stat. Sol. RRL 9, 414 (2015)

PtMn/CoNi

Cheng et al. arXiv:1906.04694

GeSbTe Ta/TaOx/TiO2/Ti 

Yu (ed.), Neuro-inspired Computing Using Resistive Synaptic Devices, Springer (2017)

Phase change

Ferromagnetic

Resistive

Antiferromagnetic

bi(multi)polar



Resistive

Kaspar et al. arXiv:1909.09071

polarization independent

circularly polarized polarization independent
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by analytical solution of the heat equation for an impulsive 

optical source (we note that our analytical thermal model does 

not include phonon-carrier interaction and relaxation proc-

esses often included in more complex two-temperature type 

models [  29  ]  of fast thermal processes; however the crystallisa-

tion process will be dominated by the relatively long (ns order) 

thermal time constant of the optical disc-like sample used here, 

rather than the very short thermalisation time which is typically 

less than 5 ps for Ge 2 Sb 2 Te 5  
[  30  ]  – see Supporting Information 

for more details).  

 Now we are ready to implement base-10 addition. Having 

already set the threshold change in optical refl ectivity to occur 

between the 9 th  and 10 th  excitations as in Figure  2 c, we can 

compute a base-10 addition directly by inputting a number of 

excitations equal to the fi rst addend, followed by excitations 

equal in number to the second addend. [  9  −    11  ]  The phase-change 

‘processor’ automatically sums the two addends due to its accu-

mulation property, simultaneously storing the result (at the 

same physical location). To access the stored result, excitations 

are applied until the threshold is reached, the number of excita-

tions required and the calculation base revealing the result. As a 

practical example, starting in the amorphous phase, we applied 

excitations of the form in Figure  2 c (i.e. 25  ́   85 fs pulses  =  

1 excitation) to perform the summation (7  +  2). Of course the 

answer is 9 and so the result of the sum should lead to a refl ec-

tivity change below the 5% threshold. This was indeed the case; 

after inputting the fi rst addend (7 excitations) the experimental 

change in refl ectivity was 2.2%; inputting excitations equal to 

the second addend (2) took the total refl ectance change to 4.5%. 

To access the result of the computation we input further excita-

tions until the threshold is passed; in this case only one fur-

ther excitation was needed, taking the total experimental refl ec-

tivity change to 6.3%, comfortably above the threshold and 

revealing the correct result of the sum (9 in this case). A micro-

scopic image of the physical mark stored in the phase-change 

sample as a result of this addition is shown in  Figure    3   and is 

just about discernible to the eye. Note that should the result of 

the sum be greater than the base, the phase-change material 

is reset to amorphous each time the threshold is exceeded and 

the number of resets reveals the multiples of the base in the 

fi nal sum. Re-amorphization is readily achieved in the current 

arrangement by a single (i.e. 1  ́   85 fs) 11.7 mJ cm  - 2  pulse, as 

also shown in Figure  3 .  

 Since multiplication is simply sequential addition, it is clear 

that this too can be readily implemented using the process 

described above. 

 Turning to division, this can be implemented by using 

the divisor to defi ne the threshold, then applying a number 

of pulses equal to the dividend (and re-setting each time the 

threshold is passed). For example 14÷10 is executed by setting 

the threshold to be passed after 10 input excitations (because 

this is the divisor, not because we are in base-10) and applying 

14 excitations. This would require the system to be re-set once 

(after the 10 th  excitation), leaving 4 stored in the phase-change 

medium; hence the result is 1 remainder 4. We have performed 

exactly this computation using our phase-change processor. 

Since we have already set the threshold to occur at 10, which is 

equal to the divisor in this case, all that remains to perform the 

division is to input excitations equal in number to the dividend 

    Figure  2 .     Experimentally measured accumulation property of Ge 2 Sb 2 Te 5 . a) 

Schematic of the set up for the femtosecond laser experiments. b) Experi-

mentally measured (squares) change in optical refl ectivity ((R–R a )/R a ) 

where R a  is amorphous phase refl ectivity) of the Ge 2 Sb 2 Te 5  sample as a 

function of the number of 85 fs, 3.61 mJ/cm 2  pulses applied. c) Experimen-

tally measured (squares) change in refl ectivity as a function of excitation 

events (for fi rst 12 events), with a single excitation event comprising 25  ́   

85 fs, 3.61 mJ/cm 2  pulses and chosen so that a threshold can be set for 

the implementation of base-10 addition and multiplication. Result shows 

clearly the energy accumulation property and the threshold (at 5% change in 

optical refl ectivity) is set between the 9 th  and 10 th  excitations; also shown are 

microscopic images of the mark formed after 10 excitations (6.3% change 

in refl ectivity) and after 12 excitations (11% change in refl ectivity), as well as 

the initial amorphous starting phase (white scale bar is 50  m m). Also shown 

in 2b and 2c is the simulated change in refl ectivity (solid lines), calculated 

using the rate equation and effective medium models and a sample tem-

perature distribution obtained by analytical solution of the heat conduction 

equation for an impulsive optical source (Supporting Information).  
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down to ~100 fs,  ~mJ/cm2 pulses

Wright et al. Adv. Mater. 23, 3408 (2011)

Chakravarty et al. Appl. Phys. Lett. 114, 192407 (2019), Nemec, Fiebig, Kampfrath, Kimel, Nature Phys. 14, (2018)

Non-CMOS multi-level resistive memories: optical switching
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Leaky-sum-and-fire neuron

Kurenkov et al. Adv. Mater. 31, 1900636 (2019)

Spiking time dependent plasticity of synapse

<

Gerstner & Kistler, Spiking Neuron Models, Cambridge University Press (2002)

Big data processing: 2. Spiking neural networks

Asynchronous spiking; order/delay between spikes; energy saving



Benjamin et al. Proceedings of the IEEE 102, 699 (2014)

Spiking mixed digital/analog CMOS Leaky-sum-and-fire neuron

Big data processing: 2. Spiking neural networks

Asynchronous spiking; order/delay between spikes; energy saving



Non-CMOS spiking analog memories

A B

A

B

C

A

B

C

Kurenkov et al. Adv. Mater. 31, 1900636 (2019)

Kim et al. Nanotechnology 29, 265204 (2018) 

Kaspar et al. arXiv:1909.09071

Transient heating RelaxationZhong et al. Phys. Status Solidi RRL 9, 414 (2015)

Time dependence via:

Phase change

Ferromagnetic

Resistive

Antiferromagnetic

GeSbTe

PtMn/CoNi

Pt/CeO2/ Pt

CuMnAs



Magnetic vs. non-magnetic origin of resistive switching

Cheng et al. arXiv:1906.04694
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Mn2AuCuMnAs

𝑃𝑇Effective time-reversal symmetry

Wadley et al., Science ’16, Bodnar et al., Nature Commun. ’18, 

Meinert et al. Phys. Rev. Appl. ’18, Zhou et al. Phys. Rev. Appl. ’18



crystal spin

Anistropic magnetoresistance

Weak spin-orbit (Dirac) 

interaction

Disorder resistance

Mn2AuCuMnAs

Ordinary conductivity

Nano-texture magnetoresistance

Strong  exchange (Coulomb) 

interaction
Maca et al. PRB 96, 094406 (2017),
Kaspar et al. arXiv:1909.09071

Wadley et al., Science ’16, Bodnar et al., Nature Commun. ’18, 

Meinert et al. Phys. Rev. Appl. ’18, Zhou et al. Phys. Rev. Appl. ’18

Shick et al. PRB ’10, Park et al. Nature Mater ’11, 

Wang et al. Phys. Rev. Lett. ’12, Marti, TJ et al. Nature

Mater. ’14, Moriyama et al. Appl. Phys. Lett. ’15



Anistropic magnetoresistance Nano-texture magnetoresistance Disorder resistance
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Linear dichroism

1µm

Mn2AuCuMnAs

Ordinary conductivity

crystal spin

Weak spin-orbit (Dirac) 

interaction

Strong  exchange (Coulomb) 

interaction

Mn-edge X-ray

Imaging

Maca et al. PRB 96, 094406 (2017),
Kaspar et al. arXiv:1909.09071

Grzybowski et al. PRL 118, 057701 (2017), Wadley et al. Nature

Nano 13, 362 (2018), Bodnar et al. PRB 99, 140409(R) (2019)
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Net ferromagnetic (pseudo)-vector
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No spin-orbit coupling

ℎ invariant under pure spin rotation 𝑅𝜑
𝑠 crystal spin
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Zelezny et al. PRL 119, 187204 (2017)
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Spin-orbit coupling

ℎ not invariant under pure spin rotation 𝑅𝜑
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No spin-orbit coupling
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Spin-orbit coupling

ℎ not invariant under pure spin rotation 𝑅𝜑
𝑠

𝑗𝐻 = ℎ × 𝐸

ℎ = (𝜎𝑧𝑦
a , 𝜎𝑥𝑧

a , 𝜎𝑦𝑥
a )

𝑇ℎ Ԧ𝑠 = ℎ −Ԧ𝑠 = −ℎ Ԧ𝑠

Hall (pseudo)-vector

Odd under time-reversal

No (or negligible) net ferromagnetic moment

𝑃𝑇

𝑃𝑇

RuO2

Šmejkal et al. arXiv:1901.00445

Hall conductivity



Weak spin-orbit (Dirac) coupling 
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Even under time-reversal

Anisotropic magnetoresistance 

No PT symmetry in ferromagnets 

𝑃𝑇

No magnetism in graphene

𝑃&𝑇

Tang et al. Nature Phys. 12, 1100 (2016)
Smejkal et al. PRL 118, 106402 (2017)

Topological Dirac semimetal

Smejkal, Mokrousov, Yan, MacDonald, Nature Phys. 14, 242  (2018)



No PT in ferromagnets 

No magnetism in graphene

𝑃𝑇

𝑃&𝑇

Tang et al. Nature Phys. 12, 1100 (2016)
Smejkal et al. PRL 118, 106402 (2017)

Even under time-reversal

Anisotropic magnetoresistance 

Topological Dirac semimetal

Smejkal, Mokrousov, Yan, MacDonald, Nature Phys. 14, 242  (2018)



Topological Weyl semimetal

Odd under time-reversal
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