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Spin-orbit coupling in ferromagnets gives rise to the anomalous Hall effect and the anisotropic
magnetoresistance, both of which can be used to create spin-transfer torques in a similar manner
as the spin Hall effect. In this paper we show how these effects can be used to reliably switch
perpendicularly magnetized layers and to move domain walls. A drift-diffusion treatment of the
anomalous Hall effect and the anisotropic magnetoresistance describes the spin currents that flow in
directions perpendicular to the electric field. In systems with two ferromagnetic layers separated by
a spacer layer, an in-plane electric field causes spin currents to be injected from one layer into the
other, creating spin transfer torques. Unlike the related spin Hall effect in non-magnetic materials,
the anomalous Hall effect and the anisotropic magnetoresistance allow control of the orientation of
the injected spins, and hence torques, by changing the direction of the magnetization in the injecting
layer. The torques on one layer show a rich angular dependence as a function of the orientation of the
magnetization in the other layer. The control of the torques afforded by changing the orientation of
the magnetization in a fixed layer makes it possible to reliably switch a perpendicularly magnetized
free layer. Our calculated critical current densities for a representative CoFe/Cu/FePt structure
show that the switching can be efficient for appropriate material choices. Similarly, control of the

magnetization direction can drive domain wall motion, as shown for NiFe/Cu/NiFe structures.

I. INTRODUCTION

The use of spin-orbit coupling to generate spin-transfer
torques [1-5] raises the possibility of new types of devices
and more efficient versions of existing devices. In general,
the spin-orbit coupling in these studies has been provided
by a non-magnetic heavy metal layer such as Pt. Here,
we show that replacing this non-magnetic layer by a fer-
romagnetic layer and a thin spacer layer offers potential
advantages in device design. In existing approaches, spin-
orbit torques [6, 7] typically derive from the spin Hall
effect [8-10] in the bulk of non-magnetic layers or from
spin-orbit torques localized at the interface between such
a layer and a ferromagnetic layer [11-19]. The resulting
torques may lead to more efficient switching of memory
elements [20-24] or domain wall motion [25-31]. Consid-
erable experimental [32-37] and theoretical [38-42] work
has been devoted to characterizing these torques so as to
understand the details of their origin. However, device
design possibilities based on heavy metal layers are some-
what limited by the fact that the form of the torques is
determined by the geometry of the device, that is, the
direction of the current flow and the interface normal.
We show that replacing the non-magnetic heavy metal
by a ferromagnetic layer and a thin spacer layer gives
greater control over the form of the torque because it is

controlled by the direction of the magnetization, which
can be varied, rather than the geometry.

Historically, the earliest spintronic effects, discovered
before the electron was known to have a spin, were the
anisotropic magnetoresistance [43, 44], and the anoma-
lous Hall effect [45-49]. Both of these effects are caused
by spin-orbit coupling, but because of the strong coupling
between spin currents and charge currents in ferromag-
nets, these are typically discussed in terms of the result-
ing charge currents and voltages. Very recently, several
groups [50-54] measured what they described as the in-
verse spin Hall effect in permalloy, a nickel-iron alloy.
This result raises the point that a spin current will always
accompany the charge current caused by the anomalous
Hall effect [10] and the spin current will vary with the an-
gle between the magnetization and the charge current as
in the anisotropic magnetoresistance. We show that both
the anomalous Hall effect and anisotropic magnetoresis-
tance in ferromagnets can be exploited to generate spin
currents and spin transfer torques in much the same way
as the spin Hall effect in non-magnets. In this paper, we
use the expression “spin Hall effect” exclusively for non-
magnetic metals and describe the related spin currents
that occur in ferromagnets as related to the anomalous
Hall effect or the anisotropic magnetoresistance.

The spin Hall effect [8-10] occurs in non-magnetic met-



als, particularly heavy metals with strong spin-orbit cou-
pling. When an electric field is applied in a particular
direction, a spin current flows in all directions perpen-
dicular to the field with spins oriented perpendicularly
to their flow. That is, for an electric field in the E direc-
tion, there is a spin current in every direction € perpen-
dicular to the electric field & - E = 0 with spins pointing
in the & x E direction. This spin current can be written
in the form Q;; = (—h/2e)osuéi;jxEx, where the second
index of the tensor spin current Q refers to the real space
direction of flow and the first index refers to the orien-
tation of the spin that is flowing. E is the electric field,
osu is the spin Hall conductivity, and €;;; is the Levi-
Civita symbol. Repeated indices (here k) are summed
over (here summing over k = z, y, z). The spin current
arises through either intrinsic mechanisms [55, 56], that
is through the spin-orbit coupling in the band structure,
or extrinsic mechanisms [57, 58] through the spin-orbit
coupling in the impurity scattering.

The same spin-orbit effects occur in ferromagnets but
are complicated by the exchange potential that gives rise
to spin-split band structures and spin-dependent conduc-
tivities. Omne complication is that in a ferromagnet any
spin that is transverse to the magnetization precesses
rapidly, so any transverse spin accumulation or spin cur-
rent dephases quickly due to this precession. Thus, it
becomes a very good approximation to treat the spins in
a ferromagnet as parallel or antiparallel to the magneti-
zation. Then, the tensor spin current in a ferromagnet
has spins pointing in the direction of the magnetization
m flowing in the js direction, or Q ~ m ® js;. This fea-
ture plays a crucial role in the results below. It allows
control of the direction of the spins injected into other
layers due to spin-orbit effects simply by changing m.
Such control does not exist with the spin Hall effect in
non-magnetic metals where the direction the spins point
when injected into another layers is n x E, where n is the
interface normal direction.

A second complication is that majority and minority
electrons see very different potentials so the spin-orbit
scattering that gives rise to pure spin currents in non-
magnets gives rise to a charge current as well as a spin
current. This charge current is the current measured in
the anomalous Hall effect, whose direction is given by
m X E. Therefore, the spin current excited by the anoma-
lous Hall effect has spins pointing the m direction flowing
in the m x E direction, that is

—h
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—h
Qi = %CUAHmﬁjklmkEl- (1)
The anomalous Hall conductivity, oayg, describes the
charge current due to the anomalous Hall effect, the as-
sociated polarization  expresses the fact that this charge
current is spin polarized.

The anisotropic magnetoresistance [43, 44] is an ad-

ditional consequence of spin-orbit coupling in ferromag-
nets. In this case, the conductivity of a ferromagnet is
different if the magnetization is along the electric field di-
rection or perpendicular to it. While not typically consid-
ered, the polarization of the conductivity will change in
these two cases. Another consequence of the anisotropy
in the conductivity occurs when the magnetization is at
any angle other than collinear with or perpendicular to
the electric field. For these other orientations of the mag-
netization, the charge current has an additional contri-
bution, which flows in the direction of the magnetization.
This current is frequently described as the planar Hall ef-
fect because for a thin film ferromagnet, an electric field
gives rise to a Hall current (perpendicular to the electric
field) when the magnetization is rotated in the plane of
the film. The charge current direction due to the planar
Hall effect is given by m(m-E) and again, the spins flow-
ing with that current point the m direction. Then, the
anisotropic magnetoresistance gives rise to a spin current

—h
Q = %UUAMRm®m(m~E)
Qi = inUAMRmimjmkEk. (2)

The conductivity, oamr, describes the difference in the
charge conductivity comparing cases with the magnetic
field parallel and perpendicular to the electric field. The
associated polarization n expresses the fact that this
change in the charge current is spin polarized. The spins
both flow and point along the magnetization.

The spin currents associated with the anomalous Hall
effect and the anisotropic magnetoresistance can replace
those associated with the spin Hall effect as generators
of torques with advantage of being able to control the
orientation of the spins. Applying an electric field in the
plane of a ferromagnetic layer generates charge and spin
currents flowing perpendicular to it and into adjacent
layers. Thus in a FM/NM/FM film, where FM and NM
refer to ferromagnetic and non-magnetic layers respec-
tively, an in-plane electric field generates spin currents
flowing perpendicularly to the layers. These spin cur-
rents exert torques on the magnetizations in both layers.
The advantage of this approach is the orientation of the
flowing spins can be controlled by varying the directions
of the magnetizations. The goal of this paper is to evalu-
ate these spin transfer torques and show how they may be
advantageous for some device applications. We develop
the drift-diffusion equations in Sec. II and apply them to
the case in which an electric current flows in the plane of
a FM/NM/FM film. Details of the derivation are given
in the Appendices. In Sec. III, we illustrate the angu-
lar dependence of the torque as both magnetizations are
varied and then show how these torques can lead to ef-
fective magnetization switching and domain wall motion.
We summarize our results in Sec. I'V.



II. DERIVATION

In this section we present the drift diffusion equa-
tions in ferromagnets, accounting for the spin-orbit de-
rived contributions to the transport. Since spin com-
ponents transverse to the magnetization rapidly precess
and dephase, they can be neglected. Then, the charge
and spin currents are combinations of the majority and
minority currents carried by spin-s (s =T, |) electrons.
In the presence of the Anomalous Hall (AH) effect and
the anisotropic magnetoresistance (AMR) effect, the spin
current densities are given by
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where the (total) electric current density is j = j' + jt.
The longitudinal conductivity and conductivities due to
the anomalous Hall effect and the anisotropic magnetore-
sistance effect are denoted as o, oay, and oaMR, respec-
tively, and their spin polarizations are denoted as (3, (,
and 7 respectively. The spin-dependent electro-chemical
potentials are denoted as p®. We define electro-chemical
potential i and spin accumulation du as
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We emphasize that the ”(longitudinal) spin accumula-
tion” used in Refs. [59-61], which will be used below, is
defined as p! — pt, which is twice the magnitude of 6.
In terms of i and dpu, we find that
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m(m-Véu) +n m(m- V).
In terms of these current densities, the tensor spin current
density is Q = —%m@ G" —ih.

It is tempting to imagine that all three polarizations,
0, ¢, and n are the same, but there is no reason that they
should be. The polarization of the longitudinal conduc-
tivity, 0 is determined by the spin-dependent densities
of states and particularly the spin-dependent scattering

rates. It is typically between -1 and 1, with negative val-
ues for the rare cases in which the minority conductivity
is higher than the majority. Values approach +1 for half
metals. Values greater than 1 or less than -1 would imply
that one spin type move backwards. We are not aware
of any such case.

The polarizations, ¢, that of polarization of the anoma-
lous Hall effect and 7, that of the anisotropic magnetore-
sistance are not simply related to 3. For example, we can
construct several contradictory arguments for the value
of ¢. If we imagine that the anomalous Hall effect were
simply a deflection of all carriers in one direction and that
these carriers then underwent the same spin-dependent
scattering as the longitudinal current, we would guess

that ¢ ~ gﬁgggig;gjggg:g = B3. If on the other hand,

we imagine that the anomalous Hall effect originates from
the spin Hall effect in which different spins are deflected
in opposite directions and then each spin is subject to
the same spin-dependent scattering, we might imagine
that the majority and minority electrons flow in the op-
posite directions but are affected by the same spin depen-
dent scattering as the conductivity. The reversed flow for
the minority electrons essentially inverts the polarization

¢ ~ Sig;giifgt’gggii = 1/6. In fact, first principles

calculations [62] of the spin polarization of the anomalous
Hall effect give results that vary widely and do not seem
to agree with any simple model. Some of this variabil-
ity can be understood from first principles calculations
[56] of the spin Hall effect, which show that the spin Hall
conductivity depends sensitively on the Fermi level. The
spin-split band structure of ferromagnets can be viewed
in a simple approximation as just a shift in energies of
the bands for one spin relative to the other, or equiva-
lently the two spins see different Fermi energies. In this
case, the minority and majority spins that are deflected
in different directions are deflected by different potentials
and will be deflected in different amounts. Therefore,
part of the polarization ¢ of the anomalous Hall current
comes from the energy dependence of the “underlying
spin Hall effect.” Similarly, n, the spin polarization of
the anisotropic magnetoresistance, is determined by the
change in the spin-dependent scattering and as such gives
no expectation to its value.

We are interested in the geometry, illustrated in
Fig. 1(b), in which two ferromagnetic films are sepa-
rated from each other by a thin non-magnetic layer that
allows the magnetizations of the two layers to be ori-
ented independently of each other. We assume that the
interface normals lie in the z-direction and the electric
field is applied in the z-direction. We ignore charge
and spin currents that flow in the y-direction because
they do not couple to anything. In general, an electric
field in the z-direction would give rise to charge cur-
rent flow in the z-direction, but the thin film geometry
treated here prevents that. Except for the applied elec-
tric potential eF,z, only the z-components of Vi and
Véu are non-zero, i.e., V(ii/e) = E,e, + (0.1i/e)e, and



FIG. 1: (color online) (a) Schematic geometry for spin Hall
effect induced spin transfer torques. In this geometry, the
damping-like torque is with respect to the y-axis, i.e. mx (¥ x
m (with a smaller field-like torque). (b) Schematic geometry
for anomalous Hall effect induced spin transfer torques. In
this case, the damping-like torque is with respect to the fixed
layer magnetization direction p, i.e. m X (p X m) (with a
smaller field-like torque).

V(éu/e) = (0,6u/e)e,. The electric field adjusts itself
so that no electric current flows in the z-direction.

In a particular ferromagnetic layer, we can solve
Egs. (6) and (7) together with the diffusion equation [63]

32
@(MT—PJL) = Tfa (8)

where Zg is the spin diffusion length. In Appendix A, we
give the details the derivation of these solutions. Here
we highlight some of the key steps. Forcing the charge
current in the z-direction to be zero dictates that the spin
current in the z-direction have the form

Jl—jh = GpE, + o (A — peH ) (9)
2€€Sf

where the constants A and B are to be determined in
Appendix A. The spin current is given in terms of two
effective conductivities 6 and 5,. The former essen-
tially gives the spin current that would result in a bulk
material in response to a field in the z-direction in which
the transverse charge current were constrained to be zero.
The latter gives the spin current in response to a spin ac-
cumulation, including the corrections due to the charge

current itself being zero. The effective conductivities are

&E _ (60 + nJAMRmZ)(JAHmy - JAMRmzmx)
o+ UAMng
— (Coanmy — noAMRMMy) (10)

and

~ 2
Osp = O+ OAMRM

2
Bo + UUAMRmZ> ()

_ 2
(Bo + noamrm?) ( PR ———

While the effective conductivities appear complicated,
op simplifies considerably in certain limits and gives
simple illustrations of the main results of this paper.
If the anisotropic magnetoresistance can be neglected,
6 — (B8 — {)myoau. Thus, there is a spin current
whenever the magnetization has a component along the
y-direction, Q;» ~ m;m,. This means that by tilting the
magnetization out-of-plane, it is possible to get an out-
of-plane component of the spins flowing into the other
layer, something not achievable with the spin Hall effect
in non-magnetic materials. This feature is illustrated in
Fig 1(b). The factor of (8 — ¢) arises from two con-
tributions, the term proportional to ¢ is directly from
the polarized current accompanying the anomalous Hall
current. The term proportional to § comes from the po-
larization of the “counter-flow” current that cancels the
anomalous Hall current.

When the anomalous Hall effect can be neglected,
op — (n — ﬁ)mzmzaAMR#Mng. This expression
is more complicated than that for the anomalous Hall
effect above because the anisotropic magnetoresistance
affects the conductivity in the z-direction as captured
by the last factor in this expression. As with the pre-
vious case, an out-of plane component of the magnetiza-
tion gives an out-of-plane component to the spin current,
Q> ~ m;m,m,. As with the previous case, the factor of
(n— ) appears from the polarized current due to the pla-
nar Hall effect and the counter-flow current that cancels
the charge current of the planar Hall effect.

Computing the torques on both layers requires find-
ing the spin accumulation and spin current throughout
the structure. The spin current at the F;/N interface
is given in terms of the spin accumulation at the F;/N
interface and interface conductances [59-61]. The spin
accumulation is found by applying appropriate bound-
ary conditions to i and du as described in Appendix A.
For a magnetic layer with interface (1) at z = 0 and



interface (2) at z = d, we have
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where js is j1 — j! at the interface of the normal metal
with ferromagnet i. The spin current is then

&6u(NT _
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Here g = and ~ are the dimensionless interface conduc-
tance and its spin polarization, respectively, which is re-
lated to to the interface resistance r via r = (h/e?)S/g
with h/e? ~ 25.9 kQ. The cross section area is denoted
as S. The real and imaginary parts of the mixing conduc-
tance are denoted as g, and g;, respectively. Note that
the charge chemical potential does not appear because
the fact that the charge current across the interface is
zero allows us to relate the chemical potential difference
to the longitudinal spin chemical potential difference and
eliminate the former from the equation for the spin cur-
rent.

The solutions of the spin accumulations in each fer-
romagnetic layer and the boundary conditions allow us
to write the spin current in each ferromagnetic layer in
terms of just the spin accumulation in the non-magnetic
layer

hg* d
Q=N — g/ tanh( !

opE.S
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where g* is defined as
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Similarly, the spin current at the Fy/N interface is given

by
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In the structure in Fig 1, we separate the two ferro-
magnetic layers by a thin non-magnetic layer. We assume
that this layer effectively breaks the exchange coupling
between the two ferromagnetic layers. We also assume
that it is still thinner than its mean free path and spin
diffusion length, so that spin current injected at one in-
terface transmits unchanged to the other interface. These
assumptions imply that the spin current and spin accu-
mulation in the spacer layer can be treated as constant.
This condition means that Q¥*=N + QF2=N = 0, from
which pn can be determined. Then, the spin torque act-
ing on m is obtained from

dm Yo F,—N
T= (&) = 1 1
< at )St oMy ™ Q7 xm),  (18)

where p is the magnetic constant and, vy, M, and V are
the gyromagnetic ratio, saturation magnetization, and
volume of F1, respectively.

Further progress requires taking these solutions for
both ferromagnetic layers and solving for the spin ac-
cumulation in the non-magnetic layer. In general, the
resulting torque can be written in the form

_ VOFLE@«
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[ (m, p)m X (p x m) + 0} (m, p)p x m]

(19)

The superscripts on the effective conductivities refer to
the damping-like, d, and field-like, f, components of the
torque. However, a key point of this paper is that these
damping-like and field-like torques are defined with re-
spect to the orientation of the magnetization in the other
layer, here p, and not as for the spin Hall effect, the di-
rection E x n, where n is the interface normal. See Fig. 1
for the comparison. The effective conductivities depend
strongly on the directions of the magnetizations, m and
p- In particular, they inherit the strong orientational de-
pendence from 6. When the imaginary part of the mix-
ing conductance can be neglected, the field-like torque
vanishes. The spin torque acting on p is obtained in a
similar way. In Appendix B, we show how to compute
the torques numerically for the general case and show
some analytic forms for some special cases. In the next
section, we present numerical results and investigate the
consequences of these torques on switching and domain
wall motion.

The derivation in this section is done using the drift-
diffusion approach, as is typically used in the analysis of
experiments using the spin Hall effect to generate spin



transfer torques. This approximation does not capture
the in-plane giant magnetoresistance effect because, in
the absence of spin-orbit effects, the drift-diffusion ap-
proximation is not able to describe a spin current flow-
ing from layer to layer when the applied electric field is
in the plane. The simplest calculation to capture the
current-in-plane giant magnetoresistance is based on the
Boltzmann equation [64]. When applied to the spin Hall
effect and resulting torques [38], calculations based on
the Boltzmann equation qualitatively but not quantita-
tively agree with those based on the drift diffusion ap-
proach. The drift-diffusion approach does not even quali-
tatively capture the consequences of interfacial spin-orbit
coupling. For the present calculations, we also expect
that the present approximation would qualitatively but
not quantitatively agree with calculations based on the
Boltzmann equation.

For the case of in-plane giant magnetoresistance with-
out spin-orbit coupling, the Boltzmann equation does de-
scribe spins flowing from each layer to the other. How-
ever, there is no net spin flow perpendicular to the layers.
The perpendicular spin current due to electrons moving
with the electric field cancels that due to electrons mov-
ing opposite to it. Thus in both drift-diffusion calcu-
lations and Boltzmann equation calculations, there are
no spin-transfer torques in the absence of spin-orbit cou-
pling.

The drift-diffusion approach has not yet been formu-
lated in a way that can treat interfacial spin-orbit cou-
pling and so we neglect such contributions here. Inclu-
sion of interfacial spin-orbit coupling in the Boltzmann
equation [38] can lead to large field-like torques, which
can have large effects on the magnetization dynamics.
In the present approach, all field-like torques arise from
the imaginary part of the mixing conductance, which is
expected to be small for interfaces between Cu and 3d
transition metal ferromagnets. We find that these contri-
butions do not play an important role in the calculations
presented below.

III. RESULTS
A. Angular dependence of torques

While the full solution of the torque for a general model
is quite complicated, it can be qualitatively understood
much more simply. Using the parameters in Table I, we
compute the torque for a variety of magnetization direc-
tions for two 5 nm thick NiFe layers and plot them in
Fig. 2. For simplicity, we consider two cases, capygr = 0
and oag = 0, so we can show the effect of each sep-
arately. In the limit that both are much less than o,
the two contributions should add. Very little informa-
tion is available about the parameters, ¢ and 7n describ-
ing the polarization of the anomalous Hall effect and the
anisotropic magnetoresistance. Calculated values for im-
purities in Fe have an approximate range of -0.5 to 2.0

NiFe  CoFeB FePt units
p 122 300 390 © Onm
B 0.7 056° 04049
r 052 05Pb 0.5 kQnm?
v 072% 083" 083
gr/S 10.0 © 10.0 10.0 nm=2
gi/S 1.0 0.0 0.0 nm=2
bt 5.5 2 45f 5.0 4 nm
oan/o  0.001 & 0.0 0.015°¢
oamr/o  0.06 B 0.0 0.0147 1
¢ 5 0 1.5
n 0.9 0 -0.1
M, 0.867  0.456 & MA /m
Hx 0.0 0.569 k MA /m
Yo 0.23206  0.23206 Mm/(A s)
a 0.01J 0.01

TABLE I: Default material parameters. Parameters are
chosen to approximate NigoFezo (Permalloy), CoFeB and
FePt, but some values are not well known. In particular,
n and ¢ are unknown to our knowledge and so we have cho-
sen representative values. Values for parameters are taken
from (a) Ref. [65], (b) Ref. [66] (c) Ref. [67], (d) Ref. [68],
(e) Ref. [69] (f) Ref. [70], (g) Ref. [71], (h) Ref. [72],
(i) Ref. [73], (j) Ref. [74], (k) Ref. [75], (1) Ref. [76] where
indicated and estimated where not indicated.

[62]. For NiFe, Miao et al. [50] report a spin Hall angle
of 0.005. Combined with the reported anomalous Hall
angle of 0.001 [71], gives a value of { = 5. The rest of the
values for ¢ and 7 in Table I have been taken from the
range found by Zimmermann et al. [62]. These values are
plausible and illustrate the important physics of such ef-
fects, but further measurements are needed to determine
actual values.

Consider first the case in which there is only the
anomalous Hall effect. We have assumed that the imagi-
nary part of the mixing conductance is much less than the
real part, so any field-like torque that is present is also
much smaller than the damping-like contribution. The
discussion in Sec. I that g (8 — ()pyoan for the spin
current due to the fixed layer with its magnetization in
the p direction, gives guidance for the approximate an-
gular dependence of the torque. Since the spins in the
spin current point in the p direction, the damping-like
torque varies like p,m x (p x m). When the magnetiza-
tion is along the y-axis, the torque has the same angular
dependence as the spin Hall effect as seen in the heavy
(red) curves of Fig. 2(e-j). That is, a damping-like torque
with respect to the y-axis. In this case, the out-of-plane
torque, T, (heavy red curve in Fig. 2(g)) is essentially
zero when the magnetization is rotated in plane.

As the fixed layer magnetization is rotated out of plane
(light (green) and dashed (blue) curves in Fig. 2(e-j)),
the torque remains damping-like, p,m x (p X m), but
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FIG. 2: (color online) Angular dependence of spin transfer torques. Panels (a) through (d) show the directions of the magneti-
zations in each column. The gray projected circles indicate the plane of rotation of the free layer magnetization, m. For panels
(a) and (c) the plane of rotation is the z — y plane, starting at x and for panels (b) and (d) it is the y — z plane starting at
z . The arrows in panels (a-d) indicate the three directions of the fixed layer magnetization, p for the panels in each column
(online, the colors correspond to the colors of the curves in the panels below). These are at 8 = 90°, 60°, and 30° for all four
panels and ¢ = 90° for (a) and (b) and ¢ = 45° for (c) and (d). Panels (e-j) give the torques for the anomalous Hall effect with
the anisotropic magnetoresistance set to zero and panels (k-p) the other way around. In each of the panels (e-p) the heavy
(red) lines give the torque for § = 90°, light (green) lines for § = 60° and dashed (blue) for # = 30°. Rows (e,h,k,n), (f,i,l,0),
and (g,j,m,p) give the z, y, and z components of the torque respectively. For all calculations, the current density is 10t A/m*.

it develops an out-of-plane component, T.,, even when
the magnetization is rotated in plane, (light (green) and
dashed (blue) curves in Fig. 2(g). This breaks the sym-
metry between m = 42z, making it possible to reliably
switch the magnetization, as discussed in the next sec-
tion. However, as the polarizer magnetization is rotated
toward the pole, the total size of the torque goes to zero
because p, goes to zero when p, — 1.

When the anomalous Hall effect is absent and the
anisotropic magnetoresistance is present (Fig. 2(k-p)),
the angular dependence is slightly more complicated. Re-
call from Sec. I that 65 — (n — ﬂ)pzpzoAMRWfW
when the anomalous Hall effect is absent. If cayr /0 <
1, the last factor can be neglected. In that case, the
damping-like torque varies like p,p,m X (p x m). The
spin current flows along the magnetization direction, so
unless p, # 0 there is no spin current flow into the free
layer. Thus, the torque is zero when the fixed layer mag-

netization is in-plane (heavy (red) curves in Fig. 2(k-p)).
Otherwise, it has roughly a damping-like form with re-
spect to the fixed layer magnetization. For the values of
parameters we have assumed, there are deviations from
the simple m X (p X m) behavior expected when the spin-
orbit effects are weak.

B. Magnetic Switching

One advantage of spin-orbit effects in ferromagnets, as
compared to the spin Hall effect, is that the control over
the direction of the incident spin current allows for the
excitation of magnetization dynamics that cannot be ex-
cited by the spin Hall effect. An example of such dynam-
ics is a switching of a perpendicularly magnetized free
layer in the absence of an external field. In this section,
we analytically compute the critical current for switching



a perpendicular magnetization in F; due to the anoma-
lous Hall effect and anisotropic magnetoresistance effect
in Fy. We verify the behavior by direct numerical simu-
lation of the Landau-Lifshitz-Gilbert (LLG) equation.

For illustrative purposes, we simplify the generally
complex dependence on relative angle of the magneti-
zations seen in Eq. (B18) by treating a special case. We
assume that F; has neither the anomalous Hall effect
nor the anisotropic magnetoresistance, i.e., oan(r,) =
OAMR(F,) = 0, whereas Fy has both. The magnetization
of F'1, m, can move freely, whereas that of Fa, p, points
to an arbitrary fixed direction. The values of the pa-
rameters are taken from CoFeB free (F) layer and FePt
pinned (F3) layer, and summarized in Table I.

The LLG equation for the magnetization in F;, with
the spin torque, Eq. (19), is

dm dm
— =—ymx H+am x —
dt dt (20)
Yoh
+ —26#03\4 & Ewagﬁm X (pxm),
S

where « is the Gilbert damping constant, and ol is given
by (see also Appendix B)

o tanblds/ Qg o, (PR (P)
T Gaten @) Gres) + 95, ()L — Ahe(p)(m - p)?
(21)
We introduce the parameter Ay (k = 1,2), which char-
acterizes the dependence of the spin torque strength on
the relative angle of the magnetizations,

_ Jr(Fr) — g;‘k

)\k: ¥
9r(Fy) T 9r,

(22)

where (k, k') = (1,2) or (2,1). We emphasize that
géd(F2)(p), gr, (p), A2(p), and G (r,)(p) depend on the
direction of p, according to their definition, Eqs. (10),
(11), (15), (16), and (22). On the other hand, A\; is in-
dependent of m because the F; layer does not show the
anomalous Hall effect nor anisotropic magnetoresistance
effect.

We assume that F; is a perpendicular magnet with an
anisotropy field given by H = (0,0, (Hx — Ms)m), where
Hy is the perpendicular anisotropy field. In the absence
of an electric field E,, the free layer magnetization is
stable along the perpendicular axis. We assume that it
starts along the z-axis, i.e., m = z. In the presence of the
spin torque, the magnetization is destabilized, and starts
to precess around the z-axis. Assuming that m, ~ 1 and
|mz|, |my| < 1, we can linearize the LLG equation (see
Appendix C) and determine the critical current

2aeu0MSd1(HK — Ms)
htanh[da /(2657)]
(1= MA2p?)? 9l p,) (9rEy) + 95, )ow,
(1 = At A2)P- g, 9r(F1) T B(Fy) )

Jerit = —

(23)
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(b) =
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j=0.9x,, p=(ey+ez)/N2
-1.0
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FIG. 3: (color online) Magnetization dynamics due to the
anomalous Hall effect. Panel (a) shows the geometry. The
trajectories obtained by numerically solving the LLG equation
(20) are shown in (b) for j = 0.9 X jc and (c) for j = 1.5 X jc.

Using Eq. (23), we can estimate the critical current
for field-free switching of perpendicular layers. As an
example, let us assume that Fo has the anomalous Hall
effect only, i.e., oAnr,) # 0 and oavr(r,) = 0. In this
case, Gpr,) 15 (Br, — Cry)PyoAHF,) and Eq. (23) can
be simplified to Eq. (C3). We choose the pinned layer
magnetization to be p = (0,1/v/2,1/v/2) and take the
parameter values given in Table I. For 10 nm of FePt,
which can be fixed in a partially out of plane configura-
tion, as a polarizer and 1 nm of CoFeB, with perpendic-
ular anisotropy, as a free layer, we find a critical current
of 1.0 x 1012 A/m? from Eq. (23). In Fig. 3, we show the
magnetization dynamics obtained by numerically solving
the LLG equation (20) for the electric current densities
of (a) j = 0.9 x j. and (b) j = 1.5 x j., respectively.
The magnetization stays near the initial direction in (a),
whereas in (b), it switches the direction to m = —z,
showing the validity of Eq. (23).



Figure 4 shows the switching current as a function
of the orientation of the fixed layer magnetization p =
(Sin(aﬁxed) COS((ybﬁxed)) Sin(eﬁxed) Sin((ybﬁxed)) Cos(aﬁxed))
from Eq. (23), and verified by numerical simulation of
the LLG equation. The three panels show switching due
to the anomalous Hall effect and anisotropic magnetore-
sistance separately and combined. For the parameters
chosen here, given in Table I, the anomalous Hall effect
is more efficient. The figure shows that the most efficient
switching occurs when the polarizer magnetization is
close to perpendicular (fgxea =~ 30°). The efficiency
is determined by a competition between two effects.
One effect is the efficiency of the spins at destabilizing
the magnetization toward reversal. Spins injected per-
pendicular to the stable magnetization direction exert
the greatest torque, but since they enhance precession
only over half a period and suppress it over the other,
they do not destabilize the magnetization. Electrons
with moments antiparallel to the magnetization exert
no torque, but when the magnetization fluctuates, they
exert a torque that destabilizes the magnetization over
the whole precession period. When the critical current
is large enough, they overcome the damping and any
fluctuations get magnified, leading to reversal. The
counterbalancing effect is that when the pinned layer
magnetization is collinear with the magnetization, it is
also collinear with the film normal and the injected spin
current goes to zero. So, the most efficient switching
occurs with the pinned layer magnetization close to nor-
mal but not all the way there (ffxeq =~ 30°), maximizing
the total perpendicular component of the injected spins.
Switching due to the anomalous Hall effect and that due
to anisotropic magnetoresistance depend differently on
the azimuthal angle so for some orientations of the fixed
layer magnetization, they compete, but for others they
cooperate to reduce the critical current.

The critical current is minimized at an optimal direc-
tion of p. Because of complex dependences of 6 and G5,
on the magnetization direction, as shown in Eqgs. (10)
and (11), it is difficult to derive a formula of this optimal
direction. However, for the Fo with the anomalous Hall
effect only, we can derive the analytical formula of the
optimum direction of p; see Appendix C1. The result,
for this set of parameters is Ogxeq = 31.6°, Paxeq = 90°.

We can compare these results with the magnetization
switching assisted by the spin Hall effect. In the spin
Hall effect, spin current polarized along the y direction
is injected to the free layer. This situation is similar to
a special case of switching by spin-orbit effects in fer-
romagnets in which the pinned layer magnetization is
in the y direction. It is useful to consider a general-
ized situation with the fixed layer magnetization in the
yz-plane, ¢frxed = 90° with no anisotropic magnetore-
sistance. Then, &g simplifies and Eq. (23) has the fac-
tor pyp. in the denominator as seen in Eq. (C3). This
factor implies that j?H diverges when p points to the
z-direction (p, = 0 and p, = 1) because the anoma-
lous Hall effect does not induce spin current along the z-

Critical current (10'2 A/m?)
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FIG. 4: (color online) Critical currents for a CoFeB free layer
and FePt fixed layer as a function of the fixed layer magne-
tization direction. The contours are chosen uniformly in the
inverse critical current, the contour where the critical currents
diverge is labeled +co. In panel (a), we assume that the po-
larizer has anomalous Hall effect (AHE) but no anisotropic
magnetoresistance (AMR). In panel (b), we assume it has the
AMR but no AHE, and in panel (c) we assume it has both.
Dark (blue) regions indicate regions with low critical for one
direction of current flow and light (yellow) regions indicate
low critical currents for the other direction. At the equator
(Ofixea = 90°), the critical currents diverge for all three cases,
however, for the case with only AMR [panel (b)], the sign
does not change as 0fxeq is varied near that point, but for the
other two cases it does.



direction when p, = 0. The critical current also diverges
when p points to the y-direction (p, = 1 and p, = 0) be-
cause the spin-transfer torque never overcomes the damp-
ing torque as needed to enhance precession. This is the
equivalent of switching by the spin Hall effect. While the
spin-transfer torque can excite magnetization dynamics,
when the fixed layer magnetization is along y it does not
overcome the damping and does not cause precession to
become unstable.

It is possible to excite dynamics in perpendicularly
magnetized samples with the spin Hall effect (or the
anomalous Hall effect with p = y) as shown by Lee
et al. [23]. In fact, they demonstrate that it is possi-
ble to switch the magnetization. However, the switch-
ing they observe is not due to the spin transfer torque
overcoming the damping, but rather is due to a large
amplitude excitation due to the rapid onset of the cur-
rent and hence torque. However, since nothing in the
system breaks the symmetry between up and down, such
switching is extremely sensitive to pulse duration and
current amplitude. Lee et al. [23] demonstrate such sen-
sitivity in Fig. 1(b) of their paper. They derive an ana-
lytic form, Eq. (5), for the critical current that is inde-
pendent of the damping parameter. This independence
indicates that the switching mechanism is precessional,
rather than due to overcoming damping. To switch the
magnetization direction without such sensitivity, an in-
plane magnetic field slightly tilted to the z-direction has
been used experimentally [77]. The switching mechanism
due to the anomalous Hall effect with a fixed layer with
an out-of-plane component to the magnetization has the
advantage of being largely independent of the current
density or pulse duration for currents above the critical
current. Another advantage is that the external field is
unnecessary to switch the magnetization. It can also be
significantly lower when the damping parameter is small,
as is desirable in many magnetic devices.

C. Domain wall motion

The spin-orbit torques generated by ferromagnets can
also be useful to displace in-plane magnetic domain walls,
which we illustrate through two simple examples. We
first consider the spin-valve illustrated in Fig. 5(a), with
an in-plane domain wall in the free layer F1 and a uni-
form polarizer p = (0, p,,p.) in the fixed layer F2. Due
to the spin orbit effects in F2, a torque is generated on
F1 that has the form : T = 75,(m,p) m x (m x p). To
study the effect of this torque we consider a 1D model
[78] of a transverse wall profile with a domain wall width
A. The magnetization in the free layer, with the domain
wall, is subject to a spin current from a fixed layer below.
This spin current will cause a small tilting of the mag-
netization away from the long axis in all of the domains
and will cause motion of the domain wall. We neglect the
small tilting of the domains to get the following equations
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FIG. 5: (color online) (a) Schematic of the spin valve with
a transverse in-plane wall and a fixed uniform polarizer. (b)
Out-of-plane tilt angle of domain wall and (c) Domain wall
velocity as a function of the out-of-plane angle 6 of the po-
larizer. Calculations are done for 10 nm Py for a polarizer
layer, 1 nm Py for a free layer, and a charge current density
of 2 x 10" A/m?.

for the domain wall dynamics:
(b + %q = TsoP~ COS P — TsoPy sin ¢ (24)
% —ad = voHysingcos g (25)

Here ¢ is the domain wall position, ¢ the out-of-plane
tilt angle and Hy, the shape anisotropy. At equilibrium
in the absence of spin torques, ¢ is equal to zero and the
domain wall lies in plane.

In the regime below Walker breakdown, the wall moves
with a constant tilt angle and a steady velocity. Assum-
ing the tilt is small, sin ¢ < 1,

¢ o TsoPz
oyoHy, + TsoPy
A ayoHy
j = —TsoPz 26
dan @ b a’YOHk: + TsoPy ( )

Since avygHy > 750 for typical values of the current den-
sity, the out-of-plane tilt is indeed small. The domain



wall moves steadily only if the generated spin torque has
a component along the z-direction. This is not the case
of the torque generated by pure spin Hall effect in a non-
magnetic heavy metal, in which case the domain wall
does not move [79]. On the other hand, the spin-orbit
torques generated by a ferromagnet can have components
along both the z and y directions when the polarizer
is tilted out-of-plane. If, as we did in the last section,
we consider the case of the torque generated by just the
anomalous Hall effect in F2, then

Yol tanh[ds/(24s)] g% gr

TAH =

2e 1o M dy 9algr +g%)
1
m(ﬁ —¢)oanE.py (27)

This behavior is shown in Fig. 5, in which we treat the
motion for the case with the anomalous Hall effect and
anisotropic magnetoresistance in both layers. However,
since we assume the magnetization lies in the y — z plane,
the anisotropic magnetoresistance plays a negligible role.
Fig. 5 shows a relatively large domain wall velocity for a
modest charge current density of 2 x 10 A/m? and a
very small out of plane tilt of less than a degree.

In the proposed spin-valve system, the current flowing
in the ferromagnet F; through the domain wall will also
give rise to the more familiar (intralayer) adiabatic and
non-adiabatic spin-transfer torques on the domain wall,
these can enhance or oppose the effect of the spin-orbit
torques. In comparison, the domain wall velocity induced
by these intralayer torques is :

: 1 h
ha — — 2 P na Em 28
a4 a 2epg Mg Buar (28)

where P = (3 is the current polarization and (3,, the pro-
portionality factor between the non-adiabatic and adia-
batic torques. The ratio of the velocities is

gan A (B —)oan
~ — F—
Cjna dl PyPz Pﬂnao— ’

(29)

where F' is a series of factors (see Eq. (27) of order one.
The ratio of material factors (last factor on the RHS) is
not well known. In NiFe the ratio appears to be close to
one [50]. If that ratio is one or more and a judicious choice
is made for the orientation of the fixed layer, we expect
the domain wall will be mainly driven by the anomalous
Hall torque because the wall width is typically much big-
ger than the layer thickness A/d > 10 for most systems
[80].

The other system we consider is the coupled domain
wall system shown in Fig. 6(a). In the case of a fixed
polarizer Fy and a free layer Fy, F» can exert a torque
on Fy. But if F5 is no longer fixed, F} can also induce a
torque on F5. If the magnetic configuration is well cho-
sen, these reciprocal torques can add and enhance mag-
netization dynamics of the coupled system. This is the
case for the double domain wall system with anti-parallel
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FIG. 6: (color on-line) (a) Schematic of the spin valve in
anti-parallel configuration with two domain walls, one in each
layer. Micromagnetic simulations [81] of (b) the coupled do-
main wall system showing in blue the positive z component
of the magnetization and (c) fringing field in the middle of a
transverse domain wall from an isolated thin film wire. (d)
Maximum out-of-plane tilt angle ¢ of the magnetization in
the domain wall determined from micromagnetic simulations
as a function of the spacer thickness.

configuration shown in Fig. 6.

If both magnetic layers are unpinned, the domain walls
in each layer are strongly coupled. Domain walls in wires
with opposite in-plane magnetizations tilt out of plane
significantly due to the dipolar interaction between them,
as shown in Fig.6. In transverse domain walls in iso-
lated wires, the magnetization is largely in-plane, but the
structure of the wall is very asymmetric from side to side.
This asymmetry leads to fringing fields that have strong
out-of-plane components, as shown in Fig.6(c). When
two wires are stacked on top of one another, these fring-
ing fields cause the magnetization in the domain walls to
tilt out of plane. Fig.6(b) shows that the in-plane compo-



nents of the magnetization in the two walls are opposite,
so that the out-of-plane components of the are in the
same direction. Thus, in equilibrium, one domain wall
has the out-of-plane tilt angle ¢y, and the other m — ¢q
so that the out-of-plane component is in the same direc-
tion and the in-plane directions are opposite. This con-
figuration is illustrated in the micromagnetic simulations
in Fig. 6(b) where blue shows the out-of-plane compo-
nent of the magnetization [81]. As the spacer thickness
tn s decreases, the dipolar fields on each domain wall in-
crease, and the maximum out-of-plane tilt angle increases
as shown in Fig. 6(d), reaching values close to 15° for
spacer thicknesses typical of synthetic antiferromagnets.

In this configuration, the domain wall in F5 polarizes
the domain wall in F; (and reciprocally), and we can
replace p, and p, respectively by —cos¢ and sin¢ in
Eq. (24). For small angle deviations from the equilibrium
configuration, this immediately leads to

A
gaH = 57—30 Sin(2¢0) (30)

Due to the particular symmetry of the anomalous Hall
effect torques, the domain wall in F5 acquires the same
velocity: the motion of the coupled domain wall system
is self-sustained. For small spacer thicknesses, the tilt
angle is large, and velocities comparable to the single
wall system with a uniform tilted fixed polarizer can be
reached.

IV. SUMMARY

In this paper we develop a drift-diffusion approach to
treat transport effects of spin-orbit coupling in ferromag-
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nets. These include the anomalous Hall effect and the
anisotropic magnetoresistance. In addition to the trans-
verse charge currents that arise due to these effects, there
are concomitant spin currents. These spin currents flow
perpendicularly to the electric field, and so can be in-
jected into layers perpendicular to the electrical current
flow. When these other layers are ferromagnets with
magnetizations that are not aligned with the original
layer, they create spin transfer torques. Unlike the re-
lated spin Hall effect in non-magnetic materials, the fer-
romagnetic spin-orbit effects allow some control of the
orientation of the injected spins. This control arises be-
cause the flowing spins in a ferromagnet are collinear with
the magnetization. Changing the orientation of the mag-
netization changes the direction of the spins injected into
other layers.

We compute the torques due to current flow for two fer-
romagnet layers separated by a thin non-magnetic layer.
The control of the direction of the injected spins makes
it is possible to switch perpendicularly magnetized layers
more easily because of the possibility of an out-of-plane
component of the torque. We also show that such torques
make it possible to switch in-plane magnetized layers via
propagation of transverse/vortex walls and can efficiently
induce dynamics in coupled magnetic systems, e.g. cou-
pled transverse domain walls.
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Appendix A: Solution of electro-chemical potential and spin accumulation

The x and z-components of Eq. (6) are explicitly given terms of i and du by

. o _ 1 _ o o
jo = 0B, + %(azu)my 4+ CAMR {Exmx + e(az,u)mz} my + C%(@Z(w)my + n%(@éu)mzmw,

) _ 1, _
Gy = gﬁzp —oauEemy + oamr [Ezmr + (azu)mz} m, + 6%@(& + nUA;\/[R (5,25#)7”3'

(A1)

(A2)

The continuity equation for electric current in steady state, V -j = 0.j. = 0, requires (¢ + oanrm?)i + (8o +
noamrm?2)dpu = Cz + D + F(z), where C and D are the integral constants whereas F(x) oc eE, 2. The condition
j» = 0 implies C' = e(oagm, — oaMrM M) E,, whereas the other integral constant D corresponds to a shift of the
chemical potential, pghis. Then, the electro-chemical potential is

OAHMy — OAMRMM My

B= pshies + eEyx + ( 5
0+ OAMRMS

1 2
)eEIZ_ 1 (Wwwn) (u! = .

(A3)

2
2 0+ OAMRMS
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We assume that the spin accumulation obeys the diffusion equation, Eq. (8). The solution can be expressed as
pu! — pt = Ae?/tst 4 Be=#/%t. Two integral constants, A and B, are determined as follows. Using Eq. (A3), the
z-component of Eq. (7) is Eq. (9) and the spin current is —[h/(2¢)](j] — 7). When the ferromagnet lies in the region
0 < z < d, and the spin current densities at z = 0 and d are given by jgi) and ]g , respectively, the integral constants,
A and B are determined as

Oou_ 4 _ 1 (D =d/bs _ 22 _ 5 (1 _ =i/t M
2elgys QSinh(d/fsf) [‘752 € Jsz OF ( e ) T} , ( )

&6H = 1 (1) ,d/Lss -(2) ~ d/ s
B B o - 1 E:E . A
2elst 2 sinh(d/fy) [Jsz ¢ Jsz +0E (e ) } (45)

These give Eq. (12). In the geometry shown in Fig. 1, the spin current at the F/N interface is —m - QF1 =N or
p- Q=N and it is zero at the outer boundaries. Using these boundary conditions, Eq. (13) can be rewritten as
Eq. (14). Note that (j] — j!) satisfies

0(i! —jt) _ (o +oamrm?)® — (Bo +noamrm?)? (u — p')
‘ - —, (A6)
0z (0 + oamrm?) 202,

which becomes [e/(1 — 32)0]0(j] — jl)/0z = 6u/f% in the absence of the AMR effect, reproducing the diffusion
equation in Ref. [63].

Appendix B: Details of the Calculation

The spin current is calculated from Eqgs. (14) and (17) by assuming the conservation of the spin current inside the
N layer, i.e., QF1=N 4 QF2=N = 0. This condition leads to the following equations to determine the components of

KN

Ha 4dmhgg. (p) d Pa dmhgy., (m) d e
F, \P 2 - Thyp, (M 1 -
M | 1, :_/72)tanh 2 GEE,) (P)ELS | py +269éd(F1)(m) tanh %SFfl GpE,)(m)E.S [ m,
Dz

mZ
(B1)
Here, the components of the 3 x 3 matrix M are given by
Mi1 = gp ms + gury) (1 —m2) + gp, 02 + geryy (1—93), (
Mo = (g;l - gr(Fl)) MgMy + gi(r,)Mz + (91?2 - gr(Fg)) PzDy + Gi(F,)Pz) (
Mis = (95, — Ge(F1)) MaMa — GiEMy + (95, — Ge(Fa)) P=Pa — Gi(Fa)Pys (
M1 = (95, — Ge(F1)) Mamy — Gir)Mz + (95, — Gu(Fa)) PPy — Gi(Fa)Pzs (B5
Maz = gi m2 + gury) (L= m2) + g0 + gurs) (1= D2) (
(
(

Mz = (95, — Ge(F1)) My + Gir )Mo + (95, — Gu(Fa)) PyPz + Gi(Fa)Pas B7
M1 = (95, — Ge(Fr)) MM + GiwyMy + (95, — Gr(rs)) P=Pa + Gi(Fs) Py B8
Ms2 = (95, — Ge(F1)) Mymz — GiryMa + (95, — Ge(Fa)) PyDz — Gi(Fa)Pas (B9
Ms s = gp m2 + gury) (1 —m2) + gi, 0 + gera) (1 — P2) - (B10

The solution of pn = (s, tby, =) can be obtained by calculating the inverse of M. In Eq. (B1), we added ”(p)”
and ”(m)” after g*, g/, and 6 to emphasize that these quantities depend explicitly on the magnetization direction
through Eqgs. (10), (11), (15), and (16). From p we evaluate the spin currents, Egs. (14) and (17). The LLG equations
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for m and p are, respectively, given by

d d

TT = —ym x H+ MOX;st x (QF* "N x m) + am x d—?, (B11)
dp "o Fy—N dp

&L_ H 2 P B12
AL Y AT (Q*7% xp) +apx . (B12)

where 7y and « are the gyromagnetic ratio and Gilbert damping constant, respectively. The volume is V.

1. Special cases for the spin torque

Although it is possible to solve Eq. (B1) analytically for an arbitrary magnetization alignment, the solution looks
complicated. However, relatively simple analytical formulas can be obtained in some special cases. In this section,
we discuss such cases. Note that Eq. (B1) comes from the conservation law for spin current inside the normal metal
layer, Q¥+ =N + QF2—N = 0, which can be written as

g, (M- pN)m + grpym X (N X M) + gir,)UN X M

+ 95, (P UN)P + Gr(Fo)P X (N X P) + gi(p,) UN X P (B13)
= Ss1m — S2p,

where s, = [47Thgi§k/(2eg;d(Fk))] tanh[dk/(%ff")]&E(Fk)ExS (k=1,2): see Eq. (B1). We expand px as
UN = Gy +b,m X p+cpm X (p X m). (B14)
Substituting this expression into Eq. (B13), and using the simplification ¢; = 0, the coefficients a,,, b,,, and ¢, are

a = [(gr(Fl) + gfy,) + (gr(Fg) - g§2)(m : p)2]51 - (gr(Fl) + gr(Fg))m - Ps2 (B15)

" (g + 95,) (9era) T 95,) — (G — 95,) (@) — 95,)(m )2
by =0, (B16)
(9e(F2) — g3, )M PS1 — (Gr(ry) + 95, )52

(gr(Fl) + 9;2)(91“(1?2) + glﬂgl) - (gr(Fl) - gg‘l)(gr(FQ) - g;‘g)(m . p)2 .

(B17)

Cm =

The spin torque acting on the magnetization of the F; layer, m, is [yo/(poMsV)m x (QF1=N x m) =
—[v09:/ (Ao MsV)m x (un X m). Then, the coefficient ¢,,, and its direction m X (p x m) gives the spin torque. The
explicit form of the spin torque acting on m is

dm _ yhE, m X (p x m)
dt 2epo My dy Ir(F1) 1= Xi(m)As(p)(m - p)? B18
g7, (D) tanh[da / (20°)|5 55 (D) Aogi, () tanh[ds /(26°)|5 5(p, ) (m) (B18)
/ * - / * mepes
gsd(Fz)(P)[Qr(Fl) + 9, (p)] 9sd(F1) (m) [gf(F‘Z) + 9, (p)]

where Ay is defined by Eq. (22). Note that the conductance g* and g/, and therefore X\, depend on not only the
material parameters but also the magnetization direction when the anisotropic magnetoresistance effect is finite; see
Egs. (11), (15), and (16). Also, 6 depends on the magnetization direction, as shown in Eq. (10). Therefore, we
add ”(m)” or ”(p)” after gy, , gsa(r,), OE(F,), and A to emphasize the fact that these depend on the magnetization
direction, m or p. Similarly, the spin torque acting on the magnetization of the Fq layer is given by

dip:_ YohE, g p X (m x p)
dt 2ep10Mady T2 1T =X (m) X2 (p)(m - p)?

(B19)

g%, (m) tanh(d, /(20"1)]G per,) (M) Migp, () tanh(da/(26°2)]G () (P)
X / * - / * m- p ?
gsd(pl)(m) [gr(F2) + gFl(m)] gsd(Fz)(p)[gr(Fﬂ + 9r, m)
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These formulas can be simplified in the absence of the anisotropic magnetoresistance effect, which we show in the
following sections.

a. When oamr = 0 and only the Fa has an anomalous Hall effect

In the absence of the anisotropic magnetoresistance effect, i.e., camr = 0, ¢, gly, and A become independent from
the magnetization directions. In this section, we also assume that the material parameters are identical between two
ferromagnets, for simplicity. In this case, many of the derived parameters become independent of the layer and we
suppress those indices.

Since 6 of the Fy layer is zero and that of the Fy layer is 6 g(r,) = (8 — {)oanpy. The conductance gy, Eq. (16),
and g*, Eq. (15), are independent of the magnetization direction because G5, = (1 — #?)o is independent of the
magnetization direction. Then, from Eq. (B18), the spin torque acting on m is

dm  yh g"g:(8 —()tanh[d/(20s)]oanE, m x (p X m)

At 2eMd gl algr + %) Py (m p)? (B20)
Similarly, the spin torque acting on the Fy layer, p, is obtained from Eq. (B19) as
d h *gr (8 — ¢) tanh[d/ (245 E,
dp _  wh  g'9:(8 C)/an [d/(24st)]oan pyAm - p-P (m xp) (B21)
dt  2epoMsd 9ealgr +9%) : 1-A(m-p)?

b. When oamr = 0 and both the I and F2 layers show the anomalous Hall effect

In this case, 65 of the F1 and F5 layers are given by (8 — ()om, and (8 — {)op,, respectively. The spin torques
acting on m and p are obtained from Eqs. (B18) and (B19) as

dm Yoh  g*g:(B — ¢) tanh[d/(2ls)]oanEs [py — myAm - p
— = . B22
dt  2epoMsd 9alor + %) 1-X(m-p)2 | X (pxm) (B22)
dp  h  g°g:(8— () tanh[d/(2ls)]oanE: [pyAm-p —m,

dt = ZepoMad PR 1 X(m - p)2 | P (m>P) (B23)

Appendix C: Linearized LLG equation

Linearizing the LLG equation, Eq. (20) gives

1d <m> c <m> _ htanhldy/ (7)1 Be_ 6F,9:r0) 0w 1 <p> | 1)

Yo dt My My 2epuo Msdy Gaqra) (9rpy) + 95,) 1 — AdaopZ \ p,

The coeflicient matrix C is given by

C = Oé(HK - Ms) (HK - MS)
—(HK — Ms) Oé(HK — MS)

« - [L=A1 22 (p2+203)]p. 2X\1 X2P0 Py Dz
htanh[dﬂ(%fo)]Ez 9r, Jr(F1) T B(F2) (ij\f,\ng; - _(1;\21;\2?;2 (C2)
* 2PuPx 1—XA1 A +2p; P
2epoMsdr giq(p,) (9r(py) + 9R,) e e I U L

The solutions of Eq. (C1) can be expressed as superpositions of exp{vo[+iy/det[C] — (Tr[C]/2)% — Tr[C]/2]t}. When
the real part of the exponent (ox —yTr[C]t) is positive (negative), the amplitude of m, and m, increases (decrease)
with time. Then, we define the critical electric field to excite the magnetization dynamics by the condition Tr[C] = 0.
In terms of the current density j = o F,, the critical current density is given by Eq. (23).
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1. Optimum direction of p to minimize Eq. (23)

When the polarizing layer has only the anomalous Hall effect and no anisotropic magnetoresistance, the critical

current, Eq. (23) becomes

AH 2a6M0MSd1 (HK — Ms)

(1= MA2p2)? 90k, ) (9ren) + 95, ) 0P,

H_ X
Al hitanhlds/(2072))]

This is proportional to

-AH
Jerit

(Br, — Cry) (1 = M A2)PyD= G, Gr(F1)TAH(FS)

(1= A Aop?)?
DPyP=z

(C3)

; (C4)

where \j is independent of the magnetization direction in this case. Then, jCArE is minimized when the polar angle

Ofixed 1S given by

Ofixed = tan ™! M2 42— /(BAi s — 2)2 + 8M\1 s
. 3A1 A2 — 2+ \/(3>‘1)‘2—2)2+8)\1)\2 :

(C5)

For the parameters shown in Fig. 4, the optimum angle is estimated to be fgx0q = 31.6°.
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