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Magnetic Tunnel Junctions (MTJs)

 Structure * High density memory
- Free layer (FM 1) I Word line (WL)
Tunneling barrier
(Insulator: MgO) AP o P state
=~ Pinned layer (FM 2) Oor1
—
° Function Source line (SL) ,
. . . 1 Transistor + 1 MTJ
v' Representation of non-volatile binary
state according to magnetization

configuration

« Advantage

v" Scalability v High endurance
v Low energy v' CMOS compatibility
v High speed

1GB STT-MRAM, Everspin (2016)




Content

“ To find computing functions beyond memory
from MTJ for integrated circuits”

= Construction of 2-input MTJ
= MTJ Logic gates

= Neuromorphic computing
. Artificial MTJ) neuron

. Artificial MTJ synapse

. Artificial Neurotransmission system




Basic configuration of MT)J

« Single input configuration for switching to achieve the binary state

MTJ switching

FM 1 l ' FM 1
FM 2 FM 2
Anti-parallel state (Rnp) Parallel state (Rp)

Bit-line

v" Methods for magnetization reversal of free layer

= Switching variable 1. magnetic field switching (current
induced Ampere field)

Magnetic field
Word-line

Applying H l H

» Switching variable 2: Spin-transfer torque (STT) switching
(spin polarized current)

VY,
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Two-input configuration of MT)J

« Motivation for multiple input extension

, : e Vi, for g
Increase of functional flexibility
- Reduction of switching stress by breakup of biases :
H., by applying I
- Increase of switching bias margin in Y appPlyINg AF_| Ry
« Physical variables for MTJ switching
- Ampere field-induce switching
- Spin-transfer torque (STT) switching
- Thermally assisted switching (TAS) _— m —
- Voltage-assisted switching (ME effect) L | _"® )
- Spin-orbit torque (SOT) switching T e
Isrr AF
» Multiple input is available for MTJ Structure of 2-input MTJ

> Our choice: STT & Ampere field for two switching inputs
- Sharing integration methods developed for MRAM

- 5.



Switching characteristics of 2-input MTJ

« MTJs for switching characteristics due to mixed inputs of STT &
Ampere field

Top electrode CoFeB 24 —v-
Electrode ( I 'Smn] “ 100 mv O P-to-AP '1 50 m
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Free laye (,:) CoFeB 21. 120 &
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® (60 T
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Interpretation of 2-input switching

o a] = I iaerewe centen “Magnetic field assisted STT switching”
— H, = -30 Oe
a a 100 |AP — P
= 1.8- Q__‘_ 50 L
(14 1.5- -g 0 _
5
1.2- O 90+
L] L] L L] L] _100 B
06 -03 0.0 03 0.6
_150 L. M TR T P RS TR SRR
Voltage(V) 40 -30 -20 -10 0 10 20 30 40
H =H_, -H, (Oe)
» Case for switching to be P state
Energy 0<H, <H, _
t Energy due to Ampere field (H..= H,) :
> Requifed energy for E*=E,(H,, )':1_”_""" =£0(ﬁ1—ﬂh (1_23
""""""""""""" STT Switching \ o de) H; ac|
. H, : Switching field
Eb+ = EbO - Eb * E,: Energy barrier at zero magnetic field
"""""""""""""" . e ay: Sp_in trans_fertorque
AP = > . gc=. grmcal spin transfer torque

Magnetization state




NAND/NOR representation

« Definition of binary states for each input * Assignment of input values to the STT
input terminal

Logic value | Input 1 (V) Input 2 (H) MT) OUT ~
Vy Hy Rap z'(a) m 'Fz?ﬁ m - VIH[R
0 v, H, Rp é:l 4 NAND ROy 0|00
S 1 Vo v vw 110(0
S ‘—% \_t 0110
150 | £ ot 1(1]1
B 0 2 d
100 - V| =02 V(<Vqy), V=03 V (Vg; <Viy<Ve,)
—_ [ H, =-5 (Oe), H = 5 (Oe)
< 50f : i
= i
c Of
= z B
— o 7 —,
S - 1 R(1) NOR VIH|R
o '50 B g_ :
= R(OJ R(O) R(OJ 0 0 1
; i o
100 _ s f= — 1]10]0
04 -02 00 02 04 £ o Lg ul I
0 2 4

Voltage (V)
VL =03 V (VS].<V|_<VSZ)’ VH=O.4 V (>V52)
H, =-5 (Oe), Hy= 5 (Oe)




All logical representation founded in MTJ

« 7 Boolean logic representations from possible 12 binary inputs of
voltage biases for the STT switching

No Initial Input set Input (V, H), Output (R) Logic function

| State |y, Vy H, Hy (VeHD | (VyHD | (ViHY) | (ViHY) [Rap =1, Rp =0 Rep =0, Rp =1
1 0.2 0.3 Rap Rap Rap Rp NAND AND
2 0.3 04 Rap Rp Rp Rp NOR OR
3 | . 0.2 04 Rap Rp Rap Rp NOT V v
4 APl 02 0.2 Rap Rap Rap Rap TRUE FALSE
5 03 0.3 Rap Rap Rp Rp NOT H H
6 03 03 | 6ol 500 Rp Rp Rp Rp FALSE TRUE
7 025 | -035 Rp Rap Rp Rp V NIMP H V IMP H
8 035 | 045 Rap Rap Rp Rap H IMP V H NIMP V
9 2 |7025 | 045 Rp Rap Rp Rap V NIMP H V IMP H
10 P | -025 | -0.25 Rp Rp Rp Rp FALSE TRUE
11 ~0.35 | -0.35 Rap Rap Rp Rp NOT H H
12 ~045 | -045 Rap Rap Rap Rap TRUE FALSE




MTJ Logic gate

* Logic gate for digital computing
- Cascading computing

Full schematic of a logic gate
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14 Boolean functions computed in MTJ logic gate

a1 V. H NAND 13 € _1s
S33 ~13 — v | H| NOR sl v | H | NOTV
< \ ‘ 0 0 1 = L 0| o0 1 =0 ' 00 1
>
_ = L . 1.0 1 - ) — \—‘ l_[l_ 10 0 7 1] 0 0
8 -5 1 [ [ ) o 1 1 85 1 [ 0 1 0 E_E """"" | [ ] 0 1 1
.t Lol L BERE Fod L1 L] L) LT % I O O O (O O O O IR R R
3 o o 0 3 0 o 0 3 0o 0
> I e I
?': 1 0 0 :’ — 10 1 T o : 10 1
S ERE 0 s 0o 1 1 s ’_‘ o 1 0
> 09 11 1 =, - 11 1 >, | | 11 1
0 00 00 T30 400 0 00 20 T30 400 0 100 200 300 400
ime (ns Time (ns)
d
Eog V H TRUE g1_2 — v H NOTH gé% VVVVVVVV - \% H | V NIMPH
= ! 00 1 = 00 1 = 00 0
0 10 1 0 L 10 1 0 10 1
0 _ — 1.0 _ 0 |
8 5 | l_l 01 1 S -5 01 0 3 ] [0 4 0
e 1 [] < - = T
£ 1 L i_ 101 1 T 4 11 0 T3 — / 1.1] 0
s 1J_|_|_|_J_|_I_L v | H| FaLse s 1 vV | H H o 1 ’7 vV H/|VIMPH
5 0 0 | | | 0o 0 3 0 o 1
R :) 10 0 B ‘1’ 1.0 0 * 10 0
s 0 1 0 2 0| 1 1 =) o 1 1
| 0 11 0 =, 1] 1 1 = 11 1
0 100 200 300 400 0 100 200 300 400 ' 0 100 200 300 400
Time (ns) Time (ns) Time (ns)
9 _15 ’_‘ V| H HIMPV
<12
= J oo 1
| — 1]0 1
—~ 40— I . . o . .
g q IL i I [ 1ol+ o - Each function is confirmed by SPICE simulation
£ 5 . . . .
T3 = — |G modified with MTJ micro-model
s 1 _I V[ H HNIVPV
E | | K 0 P
> of— e - XOR and XNOR are missing among full 16 Boolean
= 1 t ! .
2 ’—‘ 01 1 |Og|CS
> 5 11 0
0 100 200 300 400

Time (ns)
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XOR/XNOR MTJ Logic gate

- XOR/XNOR gate could be completed by using “cascading computing”

2| O|2|O|l<| |m|O|=|O|<
alalolol|lxT = |=|O|C|XI
X
=
@]
A

0 100 200 300 400
Time (ns)

« Conclusively, we have two types of MTJ logic gate which allow any
digital computing
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Reconfigurable Logic

» Reconfigurability: further advantage of MTJ logic

Vsel =0 Vsel =1
80 | Hy
é 60-: A,
£ 0 — = — ~ — - -
R.eselt 1 1 1 1 1 I-Iin Vln Vsel Vin_MTJ RMTJ
15} - 0] 0| 0 | Vigwo | 1
S 10F H 0 1 0 | Viwnano | 1 | “NAND”
£05h
> 00 Ve 1 0 0 | Vinao | 1| @ V=0
T E . . Jdb \ 1 1 O | Vanawo | O
2 0.4 : Vi_por 0 0 1 Vi nor 1
£ 0.3 /i nang v 0 1 1 Vinor | O “NOR”
I
<02 VL_nanp L_NDR 1 0 1 Vi nos 0| @Vy,=1
. . . . . . 1 ] 1] 1| Vawor | O
~ 4.0}
= 35/ < Truth table >
g 30 NAND NOR
2.5 : i 1 1 1 " 1 " 1 1 i
0.0 l P.s 10 15 20 25 3.0
time (s)
@ @ *@: Write, @: Reset
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Practical example for reconfigurable Logic

« Carry-out function with reconfigurable logic

owmown
T L

dw 2022

oo
1 T

Output

Hi, (Oe)  Ciy (V)

=
o

El

cont

“AND”
@ C=0

Plelo|olr|r|o|o|F
mlo|m|o|rk|lolr]|o
plelr|lr|lo|lololo
= m|o|lr|lololo

“OR”
@C=1

< Truth table >




Neurotransmission — spike signal carrying

_information

< Slowly Adapting>

LI

< Fast Adapting >

tactile sense S —

| =)
60mN A _
Slowly R -
11T I . 4 '
ome L OO DO TRTOD T Y DV 0 1 BT | 0 2 3 4 5 6 7T E’: 9 1-0 1-1 1.2
0 1 2 3 4 5 Time (sec)
Fast o | | 2ore [
Adapting | "™ | o rori= | | MO M A

Time (sec)
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Neural coding

* Neural (Biological) coding
To find carrier for information according to “Strength and frequency “of input stimulus

Biological spike
. Input! = =» Nep.
- Rate coding ‘ ‘ ‘ ‘ ‘ ‘ SP
v Information = spiking rate
Input2 = = Nsp.o
P T(time window) .
time
Biological spike
- Temporal coding
Input1 =p
<>

Time-to-first-spike (TTFS) -1
v' Information > Spiking pattern (Spike ime-to-first-spike (TTFS)

ordering in timing)

Input2 =p

- Time-to-first-spike, Phase Correlations, Spiking

TTFS-2
sequence, Synchrony etc. )

time
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Telegraphic switching

» Telegraphic switching by mixed effect of STT & Ampere field in 2-inpt MTJ
| =-10 pA H =80 Oe

9 H=50 Oe 74.32%
E ) g & 40
5] 20 _
: | NP N
0 2 4 ime (6) © 8 10 0
9 H=55Oe 51.16%
o] 10 pA
] <)
= 7
5] o 20
0 2 ‘I‘time(s)é 8 10 14
94 H=60 Oe 25.71% =-10|4A
g e | |
MTJ - - = 10
configuration ° -
— 54 . . =L =5 _2 I.IA
1] 2 4time{5)a & 10
Current (mA) _ 9 H=650e 12.12% 0 1'0 2'0 %0
4 6 8 10 12 g 3 .
Afa T T T e e 7] Time (s
R Rl S . o
C109f _..o% Hepp M * ' ' ' l
— o] 0 2 4 [ 8 10
time (s)

i7o0-355 lotal Energy (Ey + Ecpp) ~ Es

- Toggling between AP and P state
_ | || Stochastic characteristic
fimew® ¢ - Switching probability P(H, 1) is
defined as the carried information

R(mQ)
n
8
o J ]
@
i
O ]
2 -
R (k)
LU+ T = - ]

g
;

0 200 400 800
time {ns)

M. Pufall et al., Phys. Rev. B (2004)
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Rate coding

» Construction of neural coding : Rate coding

Telegraphic switching of MTJ

|

\_

|

Biological spike
I B
tf;?e
= Nap B tAP (or tp) 1
= Rate(MT]) = 22 (OTp) oy p (H,1)=
T (total bit) 1+exp(aH + Bl +7)

T(time window)

Information carrier : rate

Stimulus : H and I applied by independent inputs

< I,y = +20 pA Pae = 0.04
2 9.6 ko | ' *
c
e
Q
5.2 kQ i ; n
I,y = —20 pA P = 0.96
9.5k N ‘ ‘ N
52kQ . h A A . : ,
0 0.25 0.5 0.75 1
Time (s)




Artificial neuron function

« MTJ-based neuron architecture representing the rate coding
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Neurotransmission

* Neuron system connected by “Synapse”
(Spike-rate-dependent plasticity)

o “Neuron
{j % ==
=§ ¢ 4’/::7 rﬁ \
#1012 ke B AL,
L > ’ Mg e, (]
q [ ¢%.%"% °
& v Cag M B ) a@‘_‘ Ca / calmodulin
Signal trav 3 along g = LY
axon 1o synaptic (& Na® ™1 K Cael /’ \\T :
! knob %) ous” 1| n PKC  Tyrosne
\ 5 ST Fonase foaccicl > -4 0 1 ] 3 7 5 5:’:.:"&31 (&', Neo i :;ln‘:;nedu'm fe el
; L bution T ) o release 1IN 1 P'/ e
3 ] Ecema (cull body| J A ¢ NE‘- == AMPA signal generator
- . £ < : ! MNeurotransmitter T - k »
. - \ 1 Crosses synaj S o /
~X - ° TP Cinaek . Retrograde messenger -
i /
—MARINAY ' [
0
- Spike(=Action ntial neration - ivht e ;
Spike(=Action potential) generatio - Synaptic weight: plasticity for connection

(when the signal is above threshold) strength

- Neural coding
» Information is coded through spike train
» Rate coding

- Weight modulation
» Potentiation / Depression
» Spike-timing-dependent plasticity (STDP)
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Memristive character of MT)
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MTJ-based artificial synapse

« Construction of input signal for “Spike-timing dependent plasticity”

At At
Pre-signal _~ Pre-signal
v e
|~
Post-signal -~ Post-signa/
[ | —_— ;—"--.._
Vposl - Vpre Vpust - Vpre
1 |
At >0 At <0
<Biological STDP>
Al<0 At=0
__ 100 H ﬁ 0 | -
§ 804 J,’,—— G_C‘O —le\-__ i
@ 1 T 0
2 60
S 2,
E 07 0:9 9
@ 207 © Lo 5
£ o o Sog o
© -207 o &
2 %0
S 407 o
& i
'60 T T ’ T b T T
80 -40 0 40 80
Spike timing (ms)

R. Froemke et al., Nature (2002)

- 22 -



Artificial neurotransmission

* Neurotransmission system « Artificial neurotransmission system
Neuron N7 Synapse

E>_<terna| —_—
stimulus

» MTJs are commonly used for neural and synaptic functions

* Learning rule of “Spike-rate dependent plasticity” is possibly applied
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SRDP learning rule
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Summary

= MTJ was modified with two inputs for switching to achieve
functional flexibility.

= Then we found various computing functions for digital to
neuromorphic computing.
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