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Topology helps with materials
classification and discovery

Topological Insulators...
Topological Superconductors...
Weyl Semi-Metals...

Increased coherence, higher mobility
decreased scattering

Can it help device performance
more significantly?

High Density Memory, Low power Logic

SKYRMIONS and DIRAC FERMIONS



Talk Outline: Topology in classical computing

- Challenge of Moore's law: Ediss =Q.AV



Le roi est Moore, vive le roi

e Computing requires shuttling charges around
e Currents create ‘friction’ and heat
* This heat has now become prohibitive
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Alive? Dead? Dead-Alive?
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40 Years of Microprocessor Trend Data

Limited by
Heat

Limited by
Error tolerance
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Need large AV to avoid bit flip errors Need large Q to charge up
(RELTIABILITY) all the interconnects to AV

(DRIVABILITY)

AV >> thermal voltage ~ k; T ~25 mV
to avoid error within 10-12 Interconnects
Q~ 10,000 ¢!



Magnets can have low "Q"

E,.. 10,000 kT

= 250 eV

"Staple” information carriers tfogether

Magnets ~ 10,000 spins
But they act like one giant spin
(Salahuddin, Behin-Aein, Datta)

Ton channels ~ 3 ions

Act like one single ion
TEEE TED 63, 1681 (2016)



What sets "Q" ?

1D Fokker Planck in perpendicular magnet STTRAM

Angular momentum conservation &  Boltzmann

| —— LLG

| == == = Fokker-Planck

100 x 20 x 1 nm Fe magnet ~ 10%spins, need 106 els @ WER~10-°
1 ns switching, J ~ 5BO0MA/cm?= 0.5 TA/m?

(Drivability) (Reliability)
(Q/q) x (Phy/2) = MQ(1+a?) WER = (E,/k,T) x e2Q/Qc
10°
TEEE TED 59,2221 ('12) 5107
64, 319 ('17) .
arxiv:2101.09947 €10 \ \
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High cost because of shared read-write line (several electrons x oxide barrier)

SOTRAM:  Separate write/read lines, all metallic, I higher by ~10X, V lower by ~10X ¢

Source Line




Penalty for reducing Q -> Reliability
(Qc/9) x (Phy/2) = M(1+a?)

WER = (E,/k,T) x e-2Q/Qc

Smaller Q = smaller volume Q
But thermal stability barrier goes down E, ~ M(H, O

This reduces dynamic error rate WER
But it increases static error rate

'Superparamagnetic limit' T ~ Terb/ ke T

To get to small volume, 1-2Tb/in? - read/write/stability

e Heat Assisted Magnetic Recording (HAMR)
e  Bit Patterned Recording (BPR)
e  Topological Distortions (Skyrmions)

10



Small barrier not necessarily bad !
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Reservoir Computing - Time-domain learning and inferencing
(Possible Application - Fast Event Based Imaging)

Conventional Camera Event Camera
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To create a large barrier in a scaled magnet - defect

Let's look at Domain walls between up and down spins

T

A

Ferromagnetic exchange J (Hund's Rule/Pauli Exclusion) <
wants to keep spins aligned, so spin flip costs energy.

>
Compromise = flip spins gradually II///\\\I

Uniaxial Anisotropy K (Magnetocrystalline, Shape) V\ l
wants to keep spins along a fixed axis A

—

Domain Wall Width
A ~JJ/Ka

12



Smaller Q in all metallic Domain Walls

RACETRACK MEMORY IN ACTION

F'y
(opper wire wriles data hils Pulses al currenl cause Reversing the curment shunts {b} U
by creating magnetic domains domains to shift left domalns to the right, so they
for storage can be read

creep depinning

DATA WIRE

PULSED I
(LURRENT I
|

REVERSED ® >

DW Pinning leads to creep - Nonlinear motion

IBM Stuart Parkins
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sion symmetry breaking?

e add spatial inver
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How much winding?
P,y ~ expliA.dK] | TopoLosy |

Winding # N, = $A.dk/21 ~ M.(dM/dx x dM/dy)

Line integral of Berry curvature - topological invariant (like Gauss-Bonet Curvature)

Pttty SUb-CIGSSify
t ' by domain angle
t ' Classif -
t ' assity or helicity
Tratt (g by winding#
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Winding of spins create a metastable state

15b

10

oooooooo

(a) Neel Skyrmions
(e.g. Cozd on Pt)

W=0,Ng=1

increase

stable skyrmion —e—

2-0 3.0
R (nm)

40

DMI, winding, exchange stiffness and
curvature stabilize an isolated
skyrmion by introducing rigidity

Smaller skyrmions (lower DMI) are
less stable.

50

Skm stereographically maps onto a
sphere

Nsk is a fopological invariant
Cannot deform spins continuously to

melt into the background

Will need large currents, edges,
defects, or atomistic fluctuations to

break it apart

arxiv:1909.09446, 2101.09947
TEEE Trans Mag 56, 1500108 ('20) 16
SciRep 9, 9964 ('19)



How to get small and stable skyrmions?

Radius (nm)
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10-20nm STXM data
on CoGd (Beach, MIT)
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Skymion count

R, < A (DW width)
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Large Magnetization
creates stray fields that

oppose anisotropy
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Reduce M, 2> Ferrimagnets near compensation

Romming et al
~6-7 nm in PdFe bilayers
at 4.2K

MFM data (Poon, UVA/Andy Kent NYU)
Mn4N + P+-W underlayer




Fast, Non-Volatile and static Skyrmions

v~ 0,7 /M INgZ+2] |
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activation energy

AE/

r(T) = ry(T)e ksT

Attempt frequency (Entropy term)

0
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current density (1012 A/m?)

Nice and Linear
Low Ms

~ 700m/s skms in CoGd
~1000m/s DWs in Garnet AFMs

Low a

MnGa Ferrimagnetic Heuslers

Y. Xie et al, arxiv:1909.09446

arxiv:2101.09947

_ _lyear_ _ ___ e e e = = — — W nmskyrmion g)
15n0m lhick-
10 nm skyrmion 10 nm thiek
5 nm thick
1.5 nm thick
0.2 0.4 0.6 0.8 1
[-DMI (mJ/m?)

Decade-Long Skyrmion Lifetimes in
Ferrimagnetic 6dCo at Room
Temperature, C. T. Ma, S. J. Poon.

Preliminary data from MIT show large
~100nm skyrmions with low diffusion
constant < 10-20 m?/s, « literature

AP

800 x 200 x 3 nm GdCo racetrack
+ 100nm circular “notch”

—0.55 mlim’
——0.60 m}jm”
/ \ 0.63 m)im*
. —0.70 myim?
% | 075 mpm?
= 0.80 m}jm’
Y == 0.83 mym?

o 20 40 a0 BO 100
Image Index

~40k,T barrier (10 yr retention),
allows ~50 nm skyrmions to unpin at
4 ns with 1.4x101A/m2 < j < 1012A/m?
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What can we use it for? HD memory and temporal memory

« Information stored as timing delays
(energy at edges)

@ ,

Strukov group, UCSB

19



Applications - Solving a MIN/MAX problem

OR gates at nodes

Delay flip-flops for

R Edge weights

H- e
H __
o I N
B .. _ . 1
|-
Shortest path since one node activated activates OR gate
Input to output MIN path with weighted (2 cycles). AND gate would give longest path

edges

In-sensor analog data processing (continuous amplitude, discrete time)

Fast De novo alignment of millions of short DNA base pairs (NIST, UCSB)
Text alignment (Pentti Kenarva)

Dynamic time Warping (time series similarity - robotics, speech, ECG)
Depth info from binocular image matching

Scalable because of Dynamic Programming (solutions of sub-computations are partial solutions of total computation)
Each node calculates shortest path from node to itself. Adjacent nodes use optimal solutions from diagonal predecessors to
calculate their own scores.

Computation only at the wavefronts > effective gating to save energy (new way of representing data, not by energy-latency trade-off)

STORAGE: Flip-Flips (energy hungry), or memristors (nonlinear) 20



How to store Temporal Information

(wavefront arrival times?)

IEEE JxCDC 6, 107 (‘20)
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Position of skyrmion == Duty cycle of input ==

For pattern matching we store delays (thresholds for decision trees)

Each racetrack only needs ONE skyrmion (+ recovery racetrack with 1 skyrmion for copy, and 8 switching transistors)
Four bit information in 16 possible positions of each skyrmion along racetrack

arrival time of wavefront

Utilize - Tunability and Linearity to convert time into space

A .

Stlles grp (NIST)

/ 2 Input wavefront

ty
_f_ 44[6:0»“::{}1

A primary

— B primary

B recovery

SAF/FM

640nm

AT I IfIIIIIIIIIIIIIIIIIIIIIﬁ

Encode t=1 Encode t=2

Encode t=16



Energy (fI)
100 200 300 100 200 300 100 200 300 100 200 300

Vakili, Sakib, Ganguly, Stan, Ts
Daniels, Madhavan, Stiles, Ghosh, JxCDC 2020

* Analog storage -- Compact, po’rel\-' °€O‘9’1’l\l |§ fhls Buffer

o

(< 10 fJ in racetrack metal ~2 pJ in Over'head _f_or' 8 transistors) Tracky
U'p' ""} Tll(.k
Doing this with equivalent 4-bit CMOS memory: T

 Clock digitized with up-counter - 94 transistors
* S-Rlatches for storage - 32 transistors

» Readout with 4x16 decoder - 172 transistors
(~300 transistors)

1000

wlhbn

Playback (low damping): EDP ~32X lower than 16Hz CMOS @ 1 cycle e
10-100 reads per write cycle > EDP ~2400X-2700X lower

(Higher damping) trade-off footprint/resistance

Non-volatility: Turn off for long times (seconds-hrs for cache)

Total l:'rl{.‘rg“,r (fn

22



Topology of spin winding in-real space
stabilizes tiny mobile magnets

Small Q, with topology enabled stability barrier

23



Talk Outline: Topology in classical computing

 Death of Moore's law: Ed'ss = Q AV
| .

* Reducing charge Q >

Magnetic Excitations for temporal memory

2D Materials for Klein Tunnel Switches




How to Reduce AV ?

Gating pushes electrons into Conduction
conduction band at rate set by
thermal voltage kgT ~ 25 meV Band

Making gap/barrier
. also change with
Fermi Energy - — - - —— gate bias will give
faster turn-on

Valence
Band
0.5
= 0 1 Tunnel-FETs
o O (Premature Tunneling
9'0 5 E Erpl
o due to traps, Auger)
’ é
-1
-1.5
100 0 100 200

length(nm)



Topology of emerging materials Q: Line Integral of

Electrons wind
around Fermi
surface and become
orthogonal (this is
responsible for the
gaplessness of
graphene)

E

A

Berry Curvature

Monolayer Graphene

26



Transmitting electrons at a graphene PN junction

Pseudospin conservation and Klein tfunneling sets transmission across GPNJ

No backscattering at normal incidence
(Klein Tunneling)

<

Can use to collimate
electrons - fairly robust
with roughness, gate split

Cheianov/Falko/Altshuler (Graphene)



Switching with geometry: Klein Tunnel Transistor

G1 Va2 G3
Collimator Filter

o0

nnn - regular graphene, large ON current
npn - collimation lobes misaligned > opens a gate dependent transmission gap

Untilted ijunction Tilted junction
1 07 : : \
0.1aV,
an e 4 I 06 - . |
\ ] 05 N
os \ 04 "I
g 04 \ /"' Bos '-I
P 02 \ e '-
\ / 0.1 | Ee I
45 0 04 02 0 l' —
EneravieV) 42 04 0 0 02

1
Energy(eV)

Gate Tunable Transport Gap

E; = Vpsind/cos?d

Sajjad, Ghosh APL’11;
SG, Cond-mat’13

‘W
o| -Graphene
-=-new device ="

£
APL ‘11 PRB ‘12 g
ACS Nano '13 DRC ‘14 =
Patent # US9570559B2

PRL '15 10-4 caasassocasd" ~4O r"\v ~ szT/3
Science '16 Py — 02
Sci Rep '17 V(volts)

PNAS '19 APL ‘19
ACS Nano Article ASAP '19
Physics "20
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Experimental switching

(A) MLG PN Junction d 10 — o
pair Pl 2o 8l ON-OFF
- ~ 6-13
AW Gatel Gate 2 a
4= =
== T Gate Oxide & 4l ’
Graph PINPP P
Source o . o 7\'SC > 1 Hm
k N/N/N <. PhilKim /4
] — e 5o s MUNLONN  pNAS ‘19
» Vi (V)
Edge reflections 1 States inside gap
bleed states > degrades performance
info gap

Need aggressive 05|

collimation

Transmission

Causes saturation in the output characteristics
(Good for RF applications) Sci Rep 7, 9714 (2017) “7



A path towards higher performance KTFETs

Electrostatically defined edge
for reduced edge scattering

Graphite gates for better
Line-edge roughness

(2X) (2X)
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Kerelsky et al, ACS Nano
13, 2558 (2019)

Switching is symmetry driven

length (nm)

Graphite Gate

length (nm)

Superlattice for better Collimation
(Park et al Nat Physics '08)
(1000X)
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Similar Dirac Fermions physics in other Q-Materials

E

A

Spins in Bi2Se3

Bilayer Graphene
Monolayer Graphene Y P Topological Insulator

Q=1/2 Q=1 Q=1/2

Q: Line Integral of
Berry Curvature ~ <n(k) | V, | n(k) >

31



Topology = Universal Small Reflectivity

"o ©)
o
20
N
01 00 01
B (T)

Proposed Expt: Corbino dips in MR data

) GRAPHENE

/ Reflectivity

MLG PNJ Electronic Brewster
Angle, tanf=n,/n,
o =

450




See this with spins in TIs/WSMs as well

Weyl Semi-metal
6

4
24
o 14

 This flips spin because of spin-momentum locking D& ' j
» This flips soft magnets 2\\,./1/"’

24
* Klein tunneling/collimation of spins creates a gate .
tunable charge reflection i

oRL 114, 176601 (2015) f 2202
(@ o DSM/WSMs > spin-momentum locked surface states
pr] e D2
- —va Expts demo gating at ~10V (Lifschitz transition)
o) — ) T —
go-;{ )ﬂ ENEEENE i Split gated WSM structures - low bias gating

0 10 20 30 40 50 60
Time (ns)

—
PhySTCS ABOUT BROWSE PRESS COLLECTIONS

VIEWPOINT
Time (ns) Spin Control with a Topological
Semimetal
Proposed Expt: Bidirectional switching of ik hash
in—plane FM wi.l_h Cur'r'en'l' r'ever.Sal + ga.‘_ed PNJ‘ l;:zra{:::s:l:'il:cgglandComputerEngineeringand Department of Physics, University of Virginia,

March 16, 2020 « Physics 13,38

Physics 13, 38 (2020) 33



Topology has traditionally helped

with materials classification and discovery

Gate 1 Gate 2 Gate 3;_‘/
= Gate Oxide

Source

Topology can be useful & practical
in @ commercial sense

High density Racetrack
Memory with Skyrmions

Graph
raphene Drain

Collimatar —— R Filtar

Klein Tunnel Transistors with
Dirac Fermions
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SPECIAL THANKS TO MY MENTORS |
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