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Big data storage

Zettabytes of data created ZB = 10°TB

Sony/IBM tape (330TB)
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Seagate HDD (16TB)

Internet of Things (edge IT)

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



Big data processing: 1. Artificial neural networks

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

Synchronous: memory & processor under global clock
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Big data processing: 1. Artificial neural networks

Mass applications — Google Brain (2012 — image recognition, 2016 — language translation)
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Synchronous: memory & processor under global clock

MULTIPLY & ADD

i ;!
= —
n DEE
M HER
- HER

MEMORY

General purpose CPU (Intel)  a few big cores

General purpose GPU (NVIDIA) 2,000 medium cores

Neuromorphic TPU (Google) 30,000 small cores



Big data processing: 1. Artificial neural networks

Hebbian learning AWU ~ X;
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Logic-in-memory

Weighted sum — Kirchhoft’s rule
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Non-CMOS resistive memories
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Non-CMOS multi-level resistive memories: electrical switching

@ 2M[ 7m0 /TiO, /Ti Resistive
~ 7 \' - ﬂJ
8 - oo e :& il . 1 g
- IR IT L el S | \
n(;; ‘I ‘ [ | T % . e r :' i 1“ L
‘D 50.0k ".; & '. % JI . : ¢ ¥ © .‘I & (&)
& .o . ® " ...:. % ’. .-". = 'g , ’
3 w. g ™~ . : )
0 20 40 60 80 100 unipolar 8 bipolar
Pulse Number 0 20 40 60
Zhong et al. Phys. Stat. Sol. RRL 9, 414 (2015) Pulse Number
Yu (ed.), Neuro-inspired Computing Using Resistive Synaptic Devices, Springer (2017)
02 ﬂ ﬁ 1 T,.T 1 Ferromagnetic 0015 Pt/Fe,0, | Antiferromagnetic
0.1 I : .
c PtMn/CoNi 7
~ 0.0 f
o ‘ ’
ol k-l \ {-l
02 . , l bipolar 0 20 40 60 80 bi(multi)polar
0 20 40 Current Pulse Count

Number of pulses

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

Cheng et al. arXiv:1906.04694



Non-CMOS multi-level resistive memories: optical switching
down to ~100 fs, ~mJ/cm? pulses
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Big data processing: 2. Spiking neural networks

Asynchronous spiking; order/delay between spikes; energy saving
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Kurenkov et al. Adv. Mater. 31, 1900636 (2019) Gerstner & Kistler, Spiking Neuron Models, Cambridge University Press (2002)



Big data processing: 2. Spiking neural networks

Asynchronous spiking; order/delay between spikes; energy saving
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Non-CMOS spiking analog memories
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Magnetic vs. non-magnetic origin of resistive switching
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Conductivity
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Linear response: Onsager relations:
Invariant under inversion PO = 0 O'ij(S) — O'ji(_s)
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Hall conductivity
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Ordinary conductivity
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Linear response: Onsager relations:
Invariant under inversion PO = O O'ij(S) = O'ji(—S)
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Effective time-reversal symmetry PT

Wadley et al., Science ’16, Bodnar et al., Nature Commun. 78,
Meinert et al. Phys. Rev. Appl. '18, Zhou et al. Phys. Rev. Appl. '18




Ordinary conductivity

Anistropic magnetoresistance Nano-texture magnetoresistance

Weak spin-orbit (Dirac) Strong exchange (Coulomb)
crystal interaction spin interaction
Maca et al. PRB 96, 094406 (2017),
Kaspar et al. arXiv:1909.09071

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

Wadley et al., Science ’16, Bodnar et al., Nature Commun. 78,
Meinert et al. Phys. Rev. Appl. '18, Zhou et al. Phys. Rev. Appl. '18




Ordinary conductivity
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Anistropic magnetoresistance Nano-texture magnetoresistance
Weak spin-orbit (Dirac) Strong exchange (Coulomb)

crystal interaction spin interaction
Maca et al. PRB 96, 094406 (2017),
Kaspar et al. arXiv:1909.09071
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Linear response:
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Invariant under inversion Po0 = @

Hall conductivity
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Hall conductivity

Net ferromagnetic (pseudo)-vector
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Hall (pseudo)-vector
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Suzuki et al. Phys. Rev. B 95, 094406 (2017) .
Zelezny et al. PRL 119, 187204 (2017) Odd under time-reversal



Suzuki et al. Phys. Rev. B 95, 094406 (2017)
Zelezny et al. PRL 119, 187204 (2017)
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Hall conductivity

_> +h Spin-orbit coupling

—_
h not invariant under pure spin rotation Rg;
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Suzuki et al. Phys. Rev. B 95, 094406 (2017) .
Zelezny et al. PRL 119, 187204 (2017) Odd under time-reversal



Hall conductivity

No spin-orbit coupling

- crystal spin
h invariant under pure spin rotation Réz y M

- -
Th =—h No (or negligible) net ferromagnetic moment
....... w0 fl E
- = Jp-=h X £ .7
S — —h e
RS(=h)y=-h DTl L

" Ve
% ‘e
‘e
.

“‘
“ .h

L4
o ‘e
. .
o ‘e
. .
‘e
.

Effective time-reversal symmetry R, T

0.'
*,

Suzuki et al. Phys. Rev. B 95, 094406 (2017) .
Zelezny et al. PRL 119, 187204 (2017) Odd under time-reversal



Chen, Niu, MacDonald, PRL '14
Nakatsuji, Kiyohara, Higo, Nature ’15
Nayak et al. Science Adv. ‘16

Hall conductivity

Spin-orbit coupling
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Hall conductivity

Spin-orbit coupling
A s
h not invariant under pure spin rotation R(p

RuO,

. , No (or negligible) net ferromagnetic moment
Smejkal et al. arXiv:1901.00445
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Even under time-reversal

Anisotropic magnetoresistance

Conductivity
Odd under time-reversal
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Nano-texture magnetoresista nce

Giant magnetoresistance

Strong exchange (Coulomb) coupling ”




Even under time-reversal

. . . Topological Dirac semimetal
Anisotropic magnetoresistance

2 2 2

No magnetism in graphene

No PT symmetry in ferromagnets

Tang et al. Nature Phys. 12, 1100 (2016)

Smejkal, Mokrousov, Yan, MacDonald, Nature Phys. 14, 242 (2018) Smejkal et al. PRL 118, 106402 (2017)



Even under time-reversal

Topological Dirac semimetal

Anisotropic magnetoresistance
TN TCL IR A A

CBUNLR

No magnetism in graphene

No PT in ferromagnets

Tang et al. Nature Phys. 12, 1100 (2016)

Smejkal, Mokrousov, Yan, MacDonald, Nature Phys. 14, 242 (2018) Smejkal et al. PRL 118, 106402 (2017)



Odd under time-reversal

Topological Weyl semimetal m
Hall effect
__________________ »
Kubler, Felser Europhys. Lett. 108, 67001 (2014)
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B Quantum Hall effect
\ Chang et al. Science 340, 167 (2013)
Chang, Li, J. Phys.: Condens. Matter 28 123002 (2016)
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Non-CMOS storage & memory

volatile

Non-volatile

Ferromagnetic
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