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Introduction

*Synthetic antiferromagnets (SAF) are of current interest for use as sense layers

in MRAM bits.
J| d th | stabilit
ncrease .erma .s.a 11y. FM, (t,/RWFM,(t,)
*Decreased inter-bit interactions

*And most recently for improved write margin

.Three mOdeS Stand out ID Mismatched layers — large 1\ .
*Conventional Write I
\%Y%
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*Direct Write

Closely matched layers — small M
Toggle L,
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 Micromagnetic Simulation of the Switching Modes

* Map out H,, and Write Margin in terms of J-M_, and K
— simplified coupled single-domain model
— Describe fields sequences used to determine H, and write margin

— Demonstrate
* Toggle modes give best write margin
« H_, usually increases at small M, large J
* Margin usually decreases with increasing M
* Increasing K allows a larger M bit to be written in toggle or direct modes

* Generalized J-M,,,, Switching Mode Diagram
— Toggle boundary related to J and uncompensated moment contributions
to magnetic energy
— Toggle and Direct modes best below the boundary
— Conventional mode necessary above the boundary
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Simulated Geometry
NiFe(4nm)/Ru/NiFe(t,)
200 nm x 150 nm ellipse

t, varied from 0 to 4 nm

J varied from 0 to -0.5 mJ/m?

Simulations performed using two techniques
1. Micromagnetics — LLG equation

2. Coupled single domains — Steepest
descent solver
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Conventional Write Mode "5
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Direct Write Mode sl
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Single-Domain Simulation Method

Synthetic AF stack
FM, (t,,M,,;,K,)/Ru(J)/FM,(t, ,M,,,K,)

Patterned into an elliptical plate

Demagnetization factors computed using micromagnetics M,
Steepest descent solver used to numerically minimize the energy

EO _EZ Eexc E E EZ.
/=i B/ B By Ba

E . .

%: 'Bx[M aticos( @)+ M t,cos( (Pz)]‘By[M atsin( @)+ M t,sin( (Pz)]
E

ex% = -Jcos( ¢, -¢,)

E%: K t,sin *(@,)+ K ,t,sin *(9,)
E Mt : Mt -
4/ = F N eos 7 (0,) + N ysin * () J+ B2 N cos * (0,) + N usin *(0,)

E. MsMs . .
%:“0 21 2 [(Nxzt1+NX1t2)cos( ®,)cos( ¢,)+ (N ,t, + N t,)sin( (PI)SHI((pZ)]
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Conventional Mode Simulation

200nm x 150 nm Ellipse, NiFe(40)/Ru/NiFe(30)

J = 0.5 mJ/m®
250000

200000 - »
150000 1
Compute unselected switching  _ "o j
— 0 e
ﬁeld’ HSW(O)_HC -50000 1
-100000 . By=0
-150000 :
-200000 8

Mx (A/m)

250000
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Bx (T)
200nm x 150 nm Ellipse, NiFe(40)/Ru/NiFe(30)
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150000
L /
. . 100000
Compute selected switching
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Normalized margin defined as [H (0)-H,,(H,=H,)]/ H, (0)
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Conventional J-M__ . Dependence

K = 100 J/mA3 K =100 J/im"3
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Switching Field Write Margin



Write using ascending pulse sequence, monitor rotation angle

Write Current (arb.)
A & M & o a4 M w »

Direct Write Simulation

Direct Write Sequence

0 10 20 30 40 50

step

Magnetization Angle

10
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m
8 10
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[v4
B -20 1 Write
K
2 .30 - Toggle
<
-40 - —phi1
——phi2
-50
0 100 200 300
step

400
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Test for disturb/error with ascending pulse sequence, monitor rotation angle

Hdw)/ Hdw ’ (Hdisturb_Hdw)/ Hdw }

Normalized Margin = min{(H

Write Current (arb.)
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Low K

Higher K

Direct Write J-M_ .. Dependence
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K =100 J/m*3

Margin/Hsw
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Write Margin



Toggle Write Mode Simulation *¥%=

Write using ascending pulse sequence, monitor rotation angle

Direct Write Sequence Magnetization Angle

g m

Angle (x Radians)

|| —phi2

Write Current (arb.)
- o - N w E- (3, (=] ~

0 10 20 30 40 50 0 100 200 300 400
step step

Test for disturb with ascending pulse sequence, monitor rotation angle

)/H

Write Disturb Sequence Magnetization Angle
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Low K

Higher K

Toggle Write J-M_ . . Dependence
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Toggle Boundary

200 nm x 150 nm ellipse, Toggle Boundary
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600 nm x 400 nm ellipse, Toggle Boundary
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Ellipse, J = 0.5 mJ/m’, Toggle Boundary

0.35
0.30 -
0.25 -
)
< 0.20 -
N
=z 0.15 —e—200 nmx 150 nm
= —&— 600 nmx 400 nm
0.10 -
0.05 4
R e e T e
0 2000 4000 6000 8000 10000 12000
K (J/m?)

*Maximum (t,-t,)/(t,*+t,) independent of J,
increases with increasing K

*Minimum J increases with increasing K



Toggle Boundary Rough Analysigww

 Vertical Portion 2 E;=E,

4J
J=p HM,(t;-t,) H<H,_ =
MS (tl T t2)
4J
J=p, M |t _tz‘
M (4 +1,)
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(t,+1t)) 0 4 5] o] |

= = = =calc10000
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J = K(t,+,) ~2Kt

|
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Conventional Switching Field

By

Assume J large so that 0,70, =T

E )
t%rea szMS(tz —t,)sino+ B M (t,—t)coso

+K(t, +t,)sin’ @

1 —n )¢ _t2)+(ny2 —n, )1, _tl)]Sinz ¢
Solve dE/d¢=0
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2 l- + é 200 ‘,! = = =calc1000
~ shape shape 2 i ..
B, =~ —| K/ +|K - K Bl &
sat t _t '9-- - i _____ i
100 - NIE -
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Generalized Switching Mode Diagram

Margin>B_,
Decreasing Margin
> Max. Margin~0.5B,
4 Direct or EJ T EZ E, Dominates
(MremNO 25 )
Toggle .
Conventional
z| Preferred
J o Mode Necessary
2| E>EE,
S
g Decreasing B,, independent of J
— Margin
Bsw = 2 K tl +t2 + Klshape —K;hape
Ej :/F—\K‘f’/ M, | |t -t
J>12tK
(F2K) ¥ E>E,

Mrem = |t1't2 |/ (tl'tz)



Direct Write Summary

* Due to overlap with toggle mode, margin
not much better than the conventional write
mode

 Increasing remanence ratio decreases
margin

 Increasing J increases margin and write
field



Toggle Mode Summary

« Switching field increases with increasing J,
remanence ratio, and K

* Margin can be very high but falls to zero well
below the maximum toggle field





