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Optimal protocol for spin-orbit torque switching of a perpendicular nanomagnet
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It is demonstrated by means of the optimal control theory that the energy cost of the spin-orbit torque induced
reversal of a nanomagnet with perpendicular anisotropy can be strongly reduced by proper shaping of both
in-plane components of the current pulse. The time dependence of the optimal switching pulse that minimizes
the energy cost associated with joule heating is derived analytically in terms of the required reversal time and
material properties. The optimal reversal time providing a tradeoff between the switching speed and energy
efficiency is obtained. A sweet-spot balance between the fieldlike and dampinglike components of the spin-orbit
torque is discovered; it permits for a particularly efficient switching by a down-chirped rotating current pulse

whose duration does not need to be adjusted precisely.

DOLI: 10.1103/PhysRevB.105.134404

I. INTRODUCTION

The discovery of spin-orbit torque (SOT) is a notable
milestone in the development of spintronics as it has made
it possible to boost the efficiency of electrical manipulation
of magnetism compared to conventional spin transfer torques
[1-3]. Magnetization switching by current-induced fieldlike
(FL) and dampinglike (DL) components of SOT is a partic-
ularly important application providing a basis for low-power
bit operations in nonvolatile technologies [4,5].

Typically, a SOT-induced magnetization reversal is real-
ized by applying an in-plane current in a heavy-metal (HM)
layer on which a switchable ferromagnetic (FM) element
is placed. Elements with perpendicular magnetic anisotropy
(PMA) are under a special focus due to their techno-
logical relevance. In a conventional protocol involving a
one-dimensional direct current, the deterministic reversal of
the PMA element relies only on the DL SOT [6,7]. As a
result, the switching current density and thereby the energy
cost of switching are not as low as they could possibly be
if the FL SOT was also used [8]. FL SOT-induced switching
can also be realized, but this requires a precise control over
the current pulse duration so as to avoid backswitching [9].
Moreover, to achieve definite switching of the PMA element,
some symmetry breaking needs to be established either by
applying an external magnetic field [2,3,10], which can be
mimicked by exchange coupling with an additional magnetic
layer [11-14], or by introducing lateral asymmetry [15,16]
or tilted anisotropy [17,18]. Out-of-plane torque for field-free
switching can also be generated due to the low-symmetry
point groups at the HM/FM interfaces [19] or thanks to the
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out-of-plane polarization of spin currents generated in an ad-
ditional magnetic layer [20].

Note that the complications associated with the conven-
tional SOT-induced magnetization reversal originate from use
of one-dimensional direct current. Such a simple switching
pulse provides a limited control over switching and makes it
hard to realize the full potential of SOT.

The issues arising in SOT-induced switching can be solved
by proper shaping of the current pulse. Pulse optimization has
been studied extensively in the past in the context of magne-
tization reversal by means of applied magnetic field [21-29]
and spin-transfer torque [30,31]. For SOT-induced reversals,
this approach remains unexplored, although its potential has
recently been demonstrated by Zhang et al. [32] who proposed
to use both in-plane components of the current to realize field-
free switching of a PMA element; assuming a fixed magnitude
but variable direction of the current, they obtained a strong
reduction in the switching current density and derived a pulse
yielding the shortest switching time. However, constraints
imposed on the current pulse prevented previous studies from
identifying the theoretical minimum of the energy cost of
SOT-induced switching. Optimization of the switching pro-
tocols with respect to materials properties and identification
of the right balance between switching speed and energy
efficiency have also been missing so far despite the great
fundamental and technological importance of this analysis.
Moreover, it is still unclear whether the protocols involving
2D currents are stable enough against thermal fluctuations to
be realized in practice.

In this article, we identify energy-efficient switching pulses
by applying a systematic approach based on the optimal con-
trol theory. To make the most of the pulse optimization, we
do not apply any constraints on the pulse shape and consider
independent variations of both in-plane components of the
current. We obtain a complete analytical solution for optimal
control paths (OCPs) of field-free magnetization switching,
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FIG. 1. Energy-efficient switching of a PMA nanoelement
(cylinder) by an optimal 2D electric current pulse f,,, flowing in the
heavy-metal substrate (cross). The calculated optimal control path
for the switching for « = 0.1 and &p = 3.56&F is shown with the
green line. The direction of the normalized magnetic moment § of
the element (optimal current fm) is shown with the blue (red) arrow.
The inset shows the time dependence of x and y components of f',,,
and z component of 5.

i.e., the reversal trajectories minimizing the energy cost asso-
ciated with joule heating, and derive optimal switching pulses
from the obtained OCPs.

Our analytical solution provides a theoretical limit
for energy-efficient control of SOT-induced magnetization
switching and reveals noteworthy exact results connecting
the minimum energy cost, optimal switching current, and
switching time with relevant materials properties. We uncover
a previously overlooked sweet-spot ratio of the FL and DL
torques for which a particularly appealing switching protocol
is possible. It is robust, corresponds to the lowest energy
cost and shortest switching time, and involves a quite simple
switching pulse that can likely be realized in the laboratory.

II. MODEL

Figure 1 shows the simulated PMA element whose mag-
netic moment is reversed by an in-plane current via SOT. The
element is assumed small enough to be treated essentially as a
single-domain particle at any time of the reversal process. The
energy E of the system is defined by the anisotropy along the
Z axis,

E=—Ks, ()

where s, is a z component of the normalized magnetic moment
s and K > 0 is the anisotropy constant. The task is to identify
the optimal current pulse that reverses the magnetic moment
froms,=1att=0tos,=—1att =T, with T being the
switching time. Both the amplitude and the direction of the
current j in the heavy-metal layer are allowed to vary in time.
This can be realized in the cross-type geometry permitting in-
dependent control of both in-plane components of the current;
see Fig. 1. The efficiency of the reversal is naturally defined by
the amount of joule heating generated in the resistive circuit
during the switching process [31]. In particular, the optimal
reversal is achieved when the cost functional

T -
¢ = / |j1*at 2)
0

is minimized. This optimal control problem is subject to a
constraint imposed by the zero-temperature Landau-Lifshitz-
Gilbert (LLG) equation describing the dynamics of the
magnetic moment under SOT [33]:

?:—y§x5+a§x§
+ YEFS X (J X &)+ yEpS x [§ x (f x &)1, (3)

Here, y is the gyromagnetic ratio, ¢ is the damping parameter,
€, is the unit vector along the z axis, and b is the anisotropy
field: b= —u~'9E /053, with u being the magnitude of the
magnetic moment. The third and the fourth terms on the
right-hand side (RHS) of Eq. (3) represent FL and DL com-
ponents of the SOT, respectively. The coefficients & and &p
are defined by the spin Hall angle, saturation magnetization,
and thickness of the FM element, as well as by dimensionless
factors—efficiencies—characterizing the weights of the SOT
components [34].

III. RESULTS

To find the optimal switching current ]'m(t) that makes
® minimum, we follow the paradigm we applied earlier to
the magnetization reversal induced by applied magnetic field
[35]: the energy cost is first expressed in terms of the switch-
ing trajectory and then minimized so as to find the OCPs
for the switching process; after that, the optimal switching
pulse fm(t) is derived from the OCPs. Qualitative difference
between the field torque and SOT makes these calculations
significantly more involved compared to Ref. [35]. Here, we
only sketch briefly the derivations, but a complete analytical
solution to this nonlinear problem is available at [36].

1. Optimal control path for magnetization switching
We start by expressing the amplitude of j in terms of the
dynamical trajectory using Eq. (3):
. 2K (1 +a?®)100 4 « sinf cosf
w (aép — &) cos ¢’ — (aér + Ep)cosf sing’

“

Here, 7o = ;(2Ky)~' defines the timescale of Larmor pre-
cession, 6 and ¢ are the polar and azimuthal angles of §,
respectively, and ¢’ = ¢ — ¥, with ¢ being the angular co-
ordinate of the current (see Fig. 1). It is clear from Eq. (4)
that, for a given magnitude of the current-generated torque,
overall increase in the SOT coupling coefficients leads to a
proportional decrease in the switching current, and thereby
the energy cost. To elucidate a nontrivial effect of the SOT pa-
rameters, we introduce a variable 8 characterizing the balance
between the SOT components, via the following parametriza-
tion:

p=§cosp, &p=¢&sinp, &)

where £ is the magnitude of the total SOT coupling, i.e., & =
VoD + 8-

On substituting Eq. (4) into Eq. (2), the energy cost of

the reversal becomes a functional of the switching trajectory.

Taking into account Eq. (5) and minimizing ¢ with respect to
¢’, we obtain an optimal value of ¢ with respect to ¥ (see also
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Ref. [32]):
¢’ = ¢ — = arctan [tan(B + 1) cos ], 6)

where 1 = arctan(«). After eliminating the ¢’ dependence of
@ with the use of Eq. (6), the Euler-Lagrange equation for
0 can be derived [36]. Its solution satisfying the boundary
conditions 6(0) = 0,6(T) = m is expressed in terms of Jacobi
elliptic functions [36] (see Appendix A for the definition of
the elliptic integrals and functions). Finally, optimal ¢(¢) is
obtained from optimal 6(¢) using the equation of motion [see
Eq. (3)], where ' is eliminated using Eq. (6). In this way, the
OCP describing the switching trajectory that minimizes the
energy cost is completely defined. It corresponds to the mag-
netic moment rotating steadily from the initial state minimum
to the final one and at the same time precessing around the
anisotropy axis. Depending on whether the sign of tan(8 + )
is negative or positive, the sense of precession changes before
or after the system crosses the energy barrier, respectively.
However, the barrier crossing happens exactly at t = T /2,
which results from a general symmetry of the solution 6,,(¢):
On(T/24+1t)=m —0,(T/2—1"), 0<t' <T/2. The OCP
fora =0.1,&p = 3.56&p,and T = T [see Eq. (12)] is shown
in Fig. 1.

2. Optimal switching pulse

Optimal control fm (t) can be derived from the OCP using
Egs. (4) and (6). It corresponds to a rotating current whose
sense of rotation changes together with that of the magnetic
moment precession around the anisotropy axis. Although the
form of fnl (¢) is rather complex in a general case (see the inset
in Fig. 1), the following properties hold exactly. For finite
damping, the amplitude of the optimal current is modulated
such that it reaches a maximum value exactly at ¢t = 7' /4 and
a minimum value at r = 37 /4, with the difference between
the extremal values given by

N 40[j0
VTt alcos(B+m)|+ 11

where jo = K(u&)~'. Equation (7) particularly signifies that
the current amplitude is constant for zero damping. The aver-
age current amplitude can also be expressed analytically:

_ 4jotov'T + &2K[sin* (B + )]
= T ,
where KC[.] is the complete elliptic integral of the first kind
(see Appendix A). Notably, the average current does not
depend on the height of the energy barrier defined by the

magnetic anisotropy. Additionally, the following symmetry
holds in general: j,(0) = jin(T/2) = ju(T).

Ajm @)

(Jm) ®)

3. Minimum energy cost of magnetization switching

The minimum energy cost @y, is a monotonically decreas-
ing function of the switching time exhibiting two asymptotic
regimes (see Fig. 2). For fast switching, ®,(7) scales in-
versely with 7" and does not depend on the magnetic potential:

AU+ o) [sin*(B + )]

P,
Ty2g?

, T < (@+1/a)g. (9)

T [7o]
100 50 30 20

0.00 0.02 0.04 0.06
1T [1/70]

FIG. 2. Minimum energy cost of magnetization switching (blue
line) as a function of the inverse of the switching time for o = 0.1
and &p = 3.56&F. Red line shows the energy cost corresponding to
the constant-amplitude pulse derived in [32] for the same set of pa-
rameters. Dashed and dotted lines show short and infinite switching
time asymptotics, respectively

At infinitely long switching time, ®,, approaches the lower

limit:

4aK In[1 + tan*(8 + n)]
jy €2 sin®(B +n)

Intersection of the asymptotics gives a characteristic switch-
ing time providing a tradeoff between the switching speed and
energy efficiency. For a given T, the energy cost correspond-
ing to the constant-amplitude pulse derived in [32] always
exceeds ©,,(T) and even diverges at T — oo (see Fig. 2).

®,, as a function of B is shown in Fig. 3. ®,, diverges
when aép = &g signifying no switching for this ratio of the
SOT coefficients, which was also pointed out in Ref. [32].
The divergence originates from the vanishing torque in the
direction of increasing 6 at the equator. To realize switching
in this case, an additional force such as external magnetic field
needs to be applied to the system, similar to what is done in
conventional SOT-induced switching [13].

On the other hand, ®,,(8) has minima at 8 = 8*, with
B* defined by tan(8* + n) = 0. The minima correspond to an
ideal ratio between the SOT coefficients,

ép = —aéF, (11)

for which the switching is particularly efficient. For this ra-
tio, the torque generated by Jj, is invested entirely into the
increase in 6, i.e., only into the motion which is relevant for
switching. Such a rational use of an external stimulus can
always be achieved for the optimal magnetization reversal
induced by applied magnetic field [35] via the adjustment of
all three components of the field. For SOT-induced switching,
realization of the SOT exclusively in the direction of increas-
ing 6 is only possible for the ideal balance between &p and &g
due to the confinement of the switching current to xy plane.
The characteristic switching time defined by crossing of
the asymptotics of @, [see Egs. (9) and (10)] also approaches
the minimum value (with respect to the variation of 8) T for

., T—oo. (10

m
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FIG. 3. Minimum energy cost of magnetization switching in
units of j2to as a function of B for & = 0.1 and several values of the
switching time. Green solid line indicates the ideal ratio of the SOT
coefficients; red dashed line marks the ratio that prohibits switching.
The green (magenta) cross indicates ideal (nonideal) parameter val-
ues for which the optimal current pulse is shown in Fig. 4(a) (inset
of Fig. 1).

the ideal ratio of the SOT coefficients:

_ (I4a)n?
B 2a

For @ = 0.1, Ty corresponds to just a few oscillations of the
magnetic moment. Upon substituting 8 = 8* and T = Tj into
Eq. (8), the average switching current becomes (here and
below, an asterisk signifies a quantity corresponding to the
ideal ratio between the SOT coefficients)

T 0. (12)

() = —do (13)
]m =

a1+ a2
Noteworthy, this characteristic current scales with « in the
low damping regime making it significantly smaller than the
critical current for conventional SOT-induced switching of a
PMA element [6].

4. Switching protocol for the sweet-spot ratio of the SOT
coefficients

Together with the shortest switching time and improved en-
ergy efficiency, the ideal ratio of the SOT coefficients provides
particularly simple switching protocol. Indeed, the Euler-
Lagrange equation describing the OCP simplifies significantly
and becomes identical to that derived for the magnetic field-
induced switching [35]. The optimal switching pulse gets
simpler as well. Its rotation frequency becomes equal to the
resonant frequency of the system:

= Lw* cos(6,)

= —. 14
20" 2mro(l 4+ o?) (14

0.3

0. e B

0.1

-0.1

J ol

— Jm
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— &p=-aéF
N ép=3.56¢F
0 0.25 0.5 0.75 1
1To]

FIG. 4. (a) Time dependence of the optimal switching current for
the ideal ratio of the SOT coefficients [see Eq. (11)] « = 0.1 and
T = Ty. Gray area in between the dashed lines indicates the range
of amplitudes used for the simplified current pulse [see Eq. (15)].
(b) Time dependence of the frequency of the optimal current pulse
for the ideal (solid green line) and nonideal (solid magenta line)
ratio of the SOT coefficients. Dashed black line shows the frequency
variation for the simplified pulse.

The frequency decreases monotonically with time and ex-
hibits a symmetry, f5(T/2+1')=—f(T/2—-1'),0< 1t <
T /2, signifying the sign change exactly at r = 7 /2. Time
dependence for the switching current and its frequency for
o =0.1,T =Ty, and &p = —a&p is shown in Fig. 4. Overall,
the switching current for the ideal balance between the SOT
coefficients resembles a down-chirped pulse whose rotation
reverses at the instant of the barrier crossing and amplitude is
fairly constant in the low damping regime [see Eq. (7)].

Motivated by this result, we further investigate whether
the substitution of the optimal control by a simplified pulse
represented by a rotating current with constant amplitude and
time-linear frequency sweep indeed leads to magnetization
switching in the PMA element. For this, we simulate the
magnetization dynamics induced by current j,(r) given by the
following ansatz:

Js(@) = js cos[Q()1E, + ji sin[Q(1)]e,, 15)

where Q(t) = 27 frax (t —t>/T). We additionally include
thermal noise in the simulations to verify robustness of the
switching (see Appendix B for the details of the magnetiza-
tion dynamics simulations). We perform the simulations for
T =Ty, o = 0.1, and the ideal ratio of the SOT coefficients.
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We find that j,(¢) reliably induces magnetization switching
as long as its amplitude j; is large enough and its initial
frequency fmax slightly exceeds the resonant frequency f, at
the energy minimum, f, = [277(1 + «?)]~!. In particular,
for fmax = 1.4f, and a typical for a memory element thermal
stability factor [37] of 60, the switching probability increases
from 0.89 to 0.97 as j; changes from 0.17 jy to 0.18jy, and
becomes practically unity for j; = 0.2j,. As soon as the mo-
ment roughly reverses its orientation at t & T, the pulse can
be terminated, but extending the pulse duration beyond 7" does
not compromise switching, as confirmed by our simulations.
The absence of unwanted instabilities such as backswitching
is expected since interaction of fs(t) with the magnetic mo-
ment becomes progressively less effective for + > T where
the pulse frequency exceeds the resonant frequency of the
system, and the moment stays locked in the reversed position.
The switching protocol produced by the rotating current does
not require fine-tuning of the pulse duration and is therefore
robust.

On the other hand, the simplified switching protocol does
require the ratio between the SOT coefficients to be close
enough to the ideal value. Otherwise, the optimal switching
pulse can be quite different from that described by Eq. (15)
[see the inset of Fig. 1 and Fig. 4(b)], and no stable switching
on the timescale of moment oscillations can be obtained using
the simplified pulse (see Appendix B), although slower rever-
sal involving multiple precession motion can still be achieved
regardless of the ratio of the SOT coefficients [38] thanks to
the autoresonant excitation [39-41]. It is however expected
that slow autoresonant switching is quite sensitive to thermal
fluctuations that tend to disturb the phase locking.

IV. CONCLUSIONS AND DISCUSSION

In this work, we have presented a theoretical limit for
the minimum energy cost of the SOT-induced magnetization
reversal in the PMA nanoelement at zero applied magnetic
field and derived the corresponding optimal switching current
pulse as a function of the reversal time and relevant mate-
rial properties. We have identified an ideal ratio of the SOT
coefficients corresponding to a particularly efficient, robust,
and simple switching protocol. The average switching current
for the ideal balance between the DL and FL torques scales
with the Gilbert damping parameter, which makes it signifi-
cantly lower than a critical current in conventional switching
protocols. Our results reveal a target for the design of PMA
systems for energy-efficient applications and inspire experi-
mental studies of pulse shaping for the optimization of the
current-induced magnetization dynamics and switching.

Experimental realization of fast and energy-efficient
switching of PMA elements by means of chirped rotating
current requires the SOT coefficients to have opposite signs,
with FL torque being significantly larger than DL torque [see
Eq. (11)]. Several systems where this scenario is realized have
been reported; see, e.g., Refs. [42-44] and Table II in [45].
Moreover, the torques can be tuned by inducing piezoelectric
strain [46] or generating orbital currents [47].

While only the FL and DL torques are considered here, the
SOT can have additional angular dependence [48]. Optimiza-
tion of the magnetization reversal for such an extended SOT

model is a challenging problem that goes beyond the scope of
the present study. From general arguments it follows that fur-
ther decrease in the energy cost is conceivable in the extended
model, but this remains to be explored. Nevertheless, some
arguments on how the combination of the SOT coefficients
in the extended model affects the magnetization switching
can be provided without actually solving the optimal control
problem; see Appendix C.
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APPENDIX A: ELLIPTIC INTEGRALS AND FUNCTIONS

The elliptic integral of the first kind is defined as

(AD)

o dr
Fol= [ 2
(PIk) 0 1 —ksin’(r)

where £ is the elliptic modulus. The complete elliptic integral
of the first kind is given by

K(k) = ]—"(%‘k) (A2)

The complete elliptic integral of the second kind is defined as

Ek) =/ V1 —k sin’(r) dr.
0

The Jacobi amplitude am is defined as an inverse of the elliptic
integral of the first kind:

IR

(A3)

u= F(plk), (A4)
o = am(ulk). (AS)

The Jacobi sn function is defined as
sn(ulk) = sin[am(u|k)]. (A6)

The Jacobi dn function is defined as
dn(ulk) = /1 — k sn2(ulk). (A7)

See Ref. [49] for further information about elliptic functions
and integrals.

APPENDIX B: MAGNETIZATION DYNAMICS
SIMULATIONS

Magnetization dynamics simulations were performed in
order to verify stable switching of the perpendicular nano-
magnet by a rotating current with constant amplitude and
time-linear frequency sweep. The simulations were car-
ried out by integrating the LLG equation [see Eq. (3)]
equipped with the current pulse j;(¢) [see Eq. (15)]. The LLG
equation was integrated numerically using the semi-implicit
scheme B as described in Ref. [50]. Interaction of the mag-
netic system with the heat bath was simulated by including a
stochastic term in the LLG equation.
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Each simulation had three stages: (1) initial equilibration
at zero applied current to establish Boltzmann distribution; (2)
switching where the current pulse is applied (note that thermal
fluctuations were also included during the switching stage);
(3) final equilibration at zero applied current. The duration
of the switching stage, i.e., the switching time, was chosen
to be Ty [see Eq. (12)]. At the end of the third stage, we
inspected the value of s, (z component of the unit vector s
in the direction of the magnetic moment); we have taken the
value s, = —0.5 as the threshold for the successful switching.

For each value of the amplitude j; and initial frequency
Jfmax of the current pulse, we repeated simulations N = 10000
times in order to accumulate proper statistics. The switching
probability is defined as

p=Ny/N, (BI)

where N; is the number of successful reversals.

J

For the ideal ratio of the SOT components [see Eq. (11)]
and any fixed amplitude of the switching current, we find
that the largest switching probability is obtained when the
frequency sweeping rate roughly coincides with that of the
optimal pulse at t = T /2 [see Fig. 4(b)]. This situation is
achieved when the initial frequency fi.x is somewhat larger
than the resonant frequency f, at the energy minimum: f,x =
1.4f,. We also confirm that extending the current pulse be-
yond 7" does not affect the switching probability.

When the ratio of the SOT components deviates from the
ideal value, the reversal by the pulse j, becomes progressively
less stable. In particular, when the dampinglike torque exceeds
the fieldlike torque by a factor of 3.56, magnetization switch-
ing is realized only for a very narrow range of the parameters

jS ’ fmax .
APPENDIX C: EXTENDED SOT MODEL

We start with the LLG equation including the extended
model for SOT [48]:

S=—ySxb+af x5+ yFx (J x &) + @ x & + @ x 9)'E]

. . R (CD)
—¥8x (@ x HE- DIE + @ x 551+ v5 x [5x (] x 8)1gp — v x 3G - DIE + @ x 37E].
In this extended model, the current-generated torque is given by the following equation:
T=- j_/azi X (X 8)(xr + 1650’ 0 4 i sin'0) — T x @ x DE- )0+ i sin )
X [ (X 8ltp = [z XSG )0 + 4 sin ), (C2)
where the following notations are introduced:
xr=kr —abp, xp=obrtép, Xy =& —of), xy = &, xi =& ek, x=ef +E. ()
Projections of 7 on the directions of increasing 6 and ¢ read
7= - 25 sin® 0 + 2x; sin* 6 0 sin(p — c4
)= T a8y — ) +2x57sin® 6 + 23 sin 0) + cos  sin(p — ), (C4)
Tp=1 —J;]oﬂ [—cos 8 sin(p — ¥)(xr + x5 sin® @ + xi sin* 0) + cos(p — ¥)(xp + x4 sin® 6 + x) sin*6)].  (C5)

No switching. Magnetization reversal is impossible if there exists a value of 6 for which the following equation is satisfied:

cos(p — Y)(xr + 2x5 sin” 0 + 2x;"sin* @) + cos @ sin(p — ¥)xp = 0, (C6)

signifying zero Ty [see Eq. (C4)]. This happens when either
of the following cases is realized:

XF 4+ 2% +2x5 =0, (C7)
xp =0,
{XF 420} sin?6 + 2yt sin® 6 = 0. (C8)

The latter case translates into the conditions on xg, Xzi, Xj by
demanding at least one of the roots of f(y) = xr +2x5°y +
2 )(Af-y2 lie in the range from O to 1.

Zero ¢ torque. The model given by Eq. (3) shows that
the optimal ratio of the SOT coefficients corresponds to

(

zero current-induced torque in the direction of increas-
ing ¢. While it remains to be seen whether the same
result holds for the extended model, it is interesting to
see what ratio of the SOT coefficients ensures no current-
induced torque in the ¢ direction—the direction irrelevant for
switching.

We start by finding the optimal current angle that provides
the largest torque in the 6 direction (37g/dv = 0),

Xp cos 6
XF + 2x5-sin? @ + 2x;- sin* 0

Y = ¢ + arctan |: :|, (C9)
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and substitute that in Eq. (C5). The expression for the ¢ component of the SOT becomes

sin® O xp cos? O (x5~ + xi-sin?0) + (xp — X2”

— xJsin? 0)(xr 4 x5-sin® 6 + x;- sin* 0)]

T, =

(C10)

\/XLZ) cos? 0 + [xr + x5 sin® 0 + xj- sin® 9]2

It follows from Eq. (C10) that the current-induced torque in the ¢ direction vanishes for all values of € in any of the four cases:

=0, xX=xp, xi=0 xl=0,

2% = —xr, 2xd=xp» Xxi =0, xl=0,

XF ZO’ XQJ_ ZO’ X:_ ZO’ XJ =0

XD = 09 XQH = Os Xj

(C11)
(C12)
—0, £ =0 (C13)

(C14)

However, only Eqs. (C11) and (C13) are relevant as the other two represent special cases of the no-switching condition [see

Eq. (C7)].
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