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I. MODULES

This section gives a detailed overview of all the modules mentioned in the main paper.

A. Non-Magnet(NM)
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FIG. 1. Circuit model for Non-Magnet module
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where G. = A/(pL) G, = A/(pA)esch(L/N) G, = A/(pA)tanh(L/2)).

Parameter Symbol | Units
Length L m
Area A m?
Resistivity p Q-m
Spin-flip Length |\ m
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FIG. 2. Circuit model for Ferromagnet module

B. Ferromagnet(FM)
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where G. = A/(pL), Gs = A/(pL)(1 — P?)(L/\)tanh(L/2)), G, = A/(pX\')tanh(L/2\") and
a=P%+ (1 - P?)L/Xcsch(L/)\).

Parameter Symbol | Units
Length L m
Area A m?
Resistivity p Q-m
Polarization P -
Longitudinal Spin-flip Length |\ m
Transverse Spin-flip Length |\ m
C. FM-NM Interface
c z x Yy c z x Yy
cf1 P 0 O cf0O 0 0 O
z|P 1 0 0 z|{0O 0O 0 O
Goe=(Go) ;1o 0 0 of F»=©@) 1o 0 o b
yL0O 0 0 O yl0 0 —=b a
Parameter Symbol|Units
Conductance Go S
Polarization P -
In-plane torque coeff. a -
Out-of-plane torque coeff. |b -
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FIG. 3. Circuit model for FM—NM module

D. Rotation matrix

(G0, 0" =Ur [G"™ (0 =0,0)] UL (4)
‘ c z T Y
1 0 0 0
Ugr = 0 cos(6) sin(6) cos(¢) sin() sin(¢) (5)

0 —sin(f) cos(¢) cos(f) +sin®(¢)(1 — cos(d)) —sin(¢ )cos(¢ (1 —cos(6))
0 —sin(f)sin(¢) —sin(e)cos(¢)(1 — cos(d)) cos(f) + cos?(¢)(1 — cos(f))
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E. Rashba Spin-Orbit Coupling (1D)
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FIG. 4. Circuit model for RSO module
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G =G +Ga1 G=—(Gi2+G21)/2

Gsha = G+ G12 B =G 1 (Ga1 — G12)/2 (7)
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where 0 = 772277

F. Rashba Spin-Orbit Coupling (2D)

G711 and Goo remain unchanged for mode dependent conductances. G12(0, ¢) and Ga1 (6, ¢) read:

c z T y
cl1 0 0 0
G — <2q2 M) z|0 cos() sin(0") cos(¢) — sin(6’) sin(¢)
12 h x| 0 —sin(0")cos(¢) cos(0')cos(¢)? + 1 — cos(¢)? —sin(¢) cos(¢)(cos(0') — 1)
y L0 sin(@)sin(¢)  —sin(¢)cos(p)(cos(@’) —1) cos(€) — cos(8’) cos?(¢) + cos?(¢)
0 k
where 6" = and ¢ = tan™! [ ¥
EORER ()
c z x y
cl1 0 0 0
Goy = — (2(12 M) 2|0 cos(6") —sin(#’) cos(9) . —sin(0") sin(¢)
h 2|0 sin(0)cos(¢) cos(')cos(¢)? + 1 — cos(¢)? — sin(¢) cos(¢)(cos(8') — 1)
y L0 —sin(0)sin(¢) —sin(¢)cos(¢)(cos(8’) —1)  cos(8’) — cos(#') cos?(¢) + cos?(¢)

where 0/ =

ose(d)) and ¢ = tan~! (Zi)

The mode-dependent conductances need to be added in order to get a single 2D conductance:

/2
/ Gon (9) do
—m/2

G3 = (10)

Parameter |[Symbol|Units
Length L m
Effective Mass|m* kg
Rashba coeff. |n eV-m
No. of modes |M -




G. Giant Spin Hall Effect
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FIG. 5. Circuit model for GSHE module

. Lw t . Lw ot
Gz, = UTtanh(ﬁ) Gi =0 5y CbCh()\) (11)
1§ = BGo(Vy" = Vy) (12)
twW L
Gy =0— =0sy— 13
0=07F B="0su ; (13)
1§ = BGo(V5 — V§) (14)
Parameter Symbol | Units
Spin Hall angle |6 -
Length L m
Width W m
Resistivity p Q-m
Thickness t m
Spin-flip Length |\ m

H. Magnetic Tunnel Junction

The details of the MTJ model obtained by the matrix multiplication of the conductance matrices are given
in [1]. In this paper, we have only considered the low-bias angular dependence of the charge conductance of
the MTJ to draw comparisons with Spin Valves.

55 = G{5 =14 Py Py, cos(0) (15)

where G2 and Go; correspond to different orders of multiplication for the interface conductances. The
multiplication is commutative for the charge conductance. 6 is the relative angle between M and .

Parameter Symbol|Units
Conductance Gy S
Polarization (Fixed FM)| Py, —
Polarization (Free FM) |P,, —
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FIG. 6. Circuit model for MTJ module
I. LLG Solver
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FIG. 7. Circuit model for LLG module
LLG equation (normalized units):
1+a?\ dn - - . .
(;fj)dT:—mxh—amxmxh—mxmxis+amxis (16)

LLG is solved by an opamp based integrator circuit. At the + node of the opamp the nodal equation is:

dn _ -
C?T = Gint m + Getheact + Gsttis (17)

Since the nodal equation has the same form, the voltage appearing at the output of the opamp is the
solution of the LLG equation. The internal/self magnetic field is constructed from the output of the opamp
as a feedback using the matrix relation given below:



i, K,

0 0 My
ﬁy =10 Ky, O My (18)
ﬁz 0 0 K.| |,

int

The vector products appearing on the RHS of the LLG equation are carried out by the 3 x 3 conductance
matrices which can be viewed as operators acting on the magnetic field and spin torque current. These are
given as:

Kint 1
Gint = X(1 X Gsr = X(X Gezt = X(1 X)— 19
¢ (1+a )Hk t ( +a>qNsHk ¢ (I+a )Hk (19)
where X is the cross product operator with m:
0 m, My
X={m, 0 -—my (20)

As an example, for an in-plane magnet, whose axis is in 2 and out-of-plane is in £, K, = 1, K, = 0, K, =
—4nwM,/Hy. For an PMA magnet with out-of-plane in 2, K, = 1, K, = 0, K, = 0. Note that the normal-
ization needed for the LLG equation are handled by these operator conductances.

Parameter Symbol |Units
Saturation Magnetization | M emu/cc
Damping coeff. « -
Anisotropy field strength | Hy Oe
Internal field coeff. K, K,, K,|-

Area of cross section A m?
Thickness t m

J. Magnetic Coupling
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FIG. 8. Circuit model for Magnetic Coupling module



The magnetic field between two magnets j and ¢ is given by:

ot = | Ky Ky Kye| iy (21)

z) Ji %

These matrix elements K,g can be adjusted to generate a magnetic interaction of certain type: Dipolar
and exchange coupling, are calculated from magnetostatic equations or exchange integrals. The inputs for
these calculations could be material properties like saturation magnetization, electronic bandstructure (for
exchange integral), geometrical dimensions and separation of the two magnets. The detailed computation of
the dipolar interaction used in this paper are given in [2].

These matrix elements need to be precomputed for a given set of magnets and provided to the module as
parameters while the spin circuit is setup. The inputs for the module are the magnetization of the two
magnets and output are the magnetic fields between them. The circuit is implemented using two VCVS
whose gain coeflicients are the coupling matrices, as shown in the circuit diagram.

Parameter Symbol | Units
Coupling matrix between 1 and 2| Ko Oe
Coupling matrix between 2 and 1| Ky Oe




II. ANGULAR MAGNETORESISTANCE

Here we provide experimental benchmarks of angular MR obtained from spin-circuits for (1) MTJ (2) CPP

spin-valve, and (3) CIP spin-valve, showing the functional form of MR as a function of relative angle (6) of
the two magnets.

a . b
T
Lolay 1
2051 % < 0.5
22 —O0— experiment -
et X cosine function xr
? 0.0 q >\_‘ 0
¢
« o
-0.5 ' _05
H=100e| &
1.0 1 _1
=180 -120 -60 o 60 120 180

-180-120 -60 0 60 120 180
6 (deg)

FIG. 9. (a) Experimental MR of an MTJ with respect to () reproduced with permission from [3] (b) Functional
form of TMR using P=0.1
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FIG. 10. (a) Experimental MR of a CPP spin-valve with respect to (6) reproduced with permission from [4] (b)
Functional form of CPP-GMR using and Rp = 13.25n), a = 2.8, P = 0.33
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FIG. 11. (a) Experimental MR of a CIP spin-valve with respect to () reproduced with permission from [5] (b)
Functional form of CIP-GMR using and Rp = 4.662, Rap = 4.78(2



ITII. INVERSE SPIN HALL EFFECT IN THE NON-LOCAL SPIN VALVE GEOMETRY
A. Without the GSHE module

The table below provides the parameters for the elemental modules to reproduce the analytical Takahashi-
Maekawa formula, that are fit to reproduce the experimental results for three different channel lengths in

[6].
Parameters|FM (both|FM-NM NM1 (left-| NM2=NM3 |NM4
identical) |(both iden-|most) (middle  re-|(right-
tical) gions) most)
Area le-14 m? le-14 m? le-14 m? le-14 m? le-14 m?
Length le-7 m N/A le-5 m (does|Length (x-axis) [le-5 m (does
not affect not affect
Rs) R")
Polarization |0.23 0.11 N/A N/A N/A
Spin-flip 5¢-9 m (lon-|N/A 1.3e-6 m 1.3e-6 m 1.3e-6 m
length gitudinal)
5e-10 m
(transverse)
Resistivity [1.9e-7 2 — m|[N/A 1.5e-8 0 —m|1.5e-8 Q —m  [1.5e-8 @ —m
Resistance [0.5e-15 Q —[N/A N/A N/A N/A
per Area m?
Spin-mixing [N/A In-plane N/A N/A N/A
conductances (a)=1 Out-
of-plane
(b)=0

B. With the GSHE module

The parameters for the simulation of the spin circuit without the GSHE (above) remain the same for the
circuit with the GSHE module. In addition to those parameters, the parameters used for the GSHE are:

Spin-flip | Resistivity |Spin-Hall |Effective|Width |Thickness |Effective

length Angle Length Area

A (x-axis)|11.3e-8 —0.12  (for|100e-9 m |250e-9 m |[20e-9 m 100e-9 m
Q —m (fOI‘ OU99.5B’LIOI5) X 250e-9
Cugg.5 Big.5) m
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IV. SPIN SWITCH

Material parameters and dimensions used for simulation of the spin switch device are given below. The NM
is used an insulator by making its resistivity very high (p ~ 00).

GSHE
IS pin-flip Resistivity Spin-Hall Length Width Thickness
ength angle
1 nm le-6 Ohm-m 0.3 80 nm 100 nm |2 nm
FM-NM Interface
Conductance Polarizati In-plane Out-of-plane
(GoLW) OANZAMON | o eff., (a) coeff. (b)
40 S 0.5 1 0
LLG (FM and MTJ)
Saturation
Magnetization Damping Coercivity Area Thickness
(M) -
nm
700 emu/cc 0.01 40 Oe % 100 nm 2 nm
MTJ
Conductance Polarization Polarization
(GO) (fixed layer) (free-layer)
le-3 S 0.5 0.5
Dipolar Coupling
Kaz= 35.5 Oe Kyy=-19.9 Oe|K..=—15.7 Oe
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