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Abstract

Spin torque refers to the exchange of spin angular momentum between a
transport spin current carried by electrons and a ferromagnet. The macroscopic
manifestation of this angular momentum exchange is a torque exerted on the
ferromagnet by the presence of the spin current. The spin current is often
accompanied by a net charge-current transport, although this is not always
necessary. There are two types of torque commonly associated with such
interactions, one is exchange-like and the other energy nonconserving. These
two types of torques have different vectorial relationship with the electron
spin polarization and the magnet’s moment. The exchange-like torque is in
the direction perpendicular to the plane formed by the magnet moment and
the spin polarization and is therefore often called the “perpendicular torque.”
The energy-nonconserving torque lies in the plane, hence the name the “in-plane
torque.” The perpendicular torque has been known for many decades, as it gives
rise to exchange-like coupling between ferromagnetic thin films across a spacer
layer of either a nonmagnetic metal or a tunnel barrier. A detailed understanding
of the in-plane spin torque has emerged more recently. The in-plane spin torque
is associated mainly with nonequilibrium and noncollinear transport of spin
current across interfaces between nonmagnetic and ferromagnetic materials.
It originates from the dephasing of an electron’s spin precession as it enters or
leaves a ferromagnet—nonmagnetic interface. The in-plane spin torque gives rise
to new dynamic behaviors of the ferromagnet that is the subject of many
interesting investigations and with potential for applications. Its physical origin
and implications are the main subjects of this review.

List of Abbreviations

AFM Antiferromagnetic

AP-P Antiparallel to parallel

CPP Current Perpendicular to plane

FL Free layer

FM Ferromagnetic

GMR Giant magnetoresistance

I Insulator or tunnel barrier

IL Injection layer

IMA In-plane magnetic anisotropy
MOS-FET Metal oxide semiconductor field-effect transistor
MTJ] Magnetic tunnel junction

N Nonmagnetic metal

P-AP Parallel to antiparallel

PMA Perpendicular magnetic anisotropy
RL Reference layer

SAF Synthetic antiferromagnet

SEM Scanning electron microscopy
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STT Spin-transfer torque

Y% Spin valve

TEM Transmission electron microscopy
TMR Tunnel magnetoresistance

Spin-Polarized Transport Across Interfaces and Spin
Torque: An Overview

Spin-dependent transport across interfaces controls many aspects of magnetoresis-
tance in inhomogeneous ferromagnetic/nonmagnetic transition metal conductor
systems. Over the years a “two-current” transport model has been developed to
describe such transport process. The concept originates from the approximate
treatment of transition metal transport scattering process by noticing a spin—flip
scattering lifetime generally longer than that of the momentum-space scattering
time. With this assumption each spin eigenstate can be treated as effectively
decoupled from the other in noninteracting electron band-structure-based transport
models. This spin-separated two-current approach was first developed for analyzing
transport physics in homogeneous ferromagnetic transition metal conductors such
as Fe and Ni [1, 2]. It has since been successfully expanded to inhomogeneous
conductor systems containing either ferromagnetic metal-to-nonmagnetic metal
interfaces or to ferromagnetic systems containing sharp magnetic domain walls.
Among such the most quantitatively treatable has been the spin-dependent transport
across interfaces between ferromagnetic and nonmagnetic transition metals in the
so-called current-perpendicular-to-plane (CPP) spin valves (SV) [3-5].

On a slightly different front, a similar two-channel conduction concept has been
employed to account for the spin-dependent tunneling of electrons from one
ferromagnetic metal into another, separated by a tunnel barrier, whose barrier
height for each spin channel may or may not be the same [6-9]. This concept was
developed to describe the so-called tunnel magnetoresistance (TMR) phenomenon,
in which case the tunnel conductance of a ferromagnet—insulator—ferromagnet
(FMIIIFM) tunnel junction varies depending on the relative orientation of the
ferromagnet’s moment direction.

Basic Concepts in Noncollinear Spin-Polarized Transport

Most of these earlier transport descriptions discussed above (except Slonczewski’s
[8]) assume that for the entire system of interest, the carriers have two well-defined
spin eigenstates — that of spin-up and that of spin-down for a spin-1/2 carrier such as
electrons, with “up” and “down” defined by the moment direction of the ferromagnet
in question. Further one assumes that there is virtually no interaction or correlation
between carriers in these two spin states, other than local charge neutrality [10]. This
second assumption is important because it is equivalent to saying that the
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ferromagnets in this system would have to have a single uniquely defined direction
for its macroscopic order parameter, i.e., their magnetizations are collinear.

The two-channel conduction picture was developed to sufficient quantitative
details to account for the observations of, among other things, the so-called giant
magnetoresistance or GMR effect in thin metal film stacks with CPP transport, in
which case the different layers of ferromagnets are separated by a thin layer of
nonmagnetic metal in between. A comprehensive discussion on the two-channel
model for CPP GMR can be found in, for example, Ref. [3]. A detailed review of
the CPP- GMR materials and properties is covered in » Chap. 4, “CPP-GMR:
Materials and Properties”, Part II, Volume 1.

Theory for magnetotransport involving noncollinear magnetic moment arrange-
ments was developed to compare with the angular dependence of the GMR [11, 12]
as well as TMR [8, 13]. The quantitative understanding of noncollinear spin
transport is key to understanding the spin-torque phenomenon. Without collinear
alignment, the effect of coherence between the different spin eigenstates becomes
important. Generally this involves coherent decomposition of one set of spin
eigenstates into that of another. For spin-1/2 fermion states such as with electrons,
it can be conveniently described by a 2 x 2 Pauli matrice spinor formulation.

For spin-dependent transport studies, it is important to keep track of this
eigenstate decomposition as the relevant transport wave functions propagate and
reflect among various media and interfaces involving noncollinear ferromagnet
elements. This is nontrivial, as a carrier now would in principle need to be treated
with the full complex wave function including spin space, and these are generally
not diagonalized in any fixed spin-space direction. With noncollinear spin orienta-
tion, a carrier upon entering a ferromagnet from an interface would necessarily be
decomposed into a set of coherent spin eigenstates at the point of entry. This is if the
situation is such that an approximately localized wave function (a wave packet with
relatively narrow momentum spread to allow definition of an average momentum Kk
but at the same time with sufficiently narrow spatial spread to allow definition of a
spatial location) can be used to describe the propagation while maintaining real-
space boundary conditions at the same time. It is in this regime a quasi-classical
particle picture can be useful to imagine the transport as being carried by a particle-
like electron. Here the subscript in k; as s = &+ corresponds to the up- or down-spin
states as defined by the ferromagnet’s moment near the interface. In its semiclas-
sical representation, the electron entering the ferromagnet is seen as precessing
around the exchange field as it propagates along.

In a ferromagnet with strong exchange splitting, this decomposition is simpli-
fied. Because of the large exchange split, the wave vectors k.. are very different at
the Fermi level. This brings wave functions with rapid spatial oscillation in its spin-
state amplitudes along the direction of propagation in real space, with a character-
istic length of the order 1/|k; —k_| inside the ferromagnet. Rapid spatial
decoherence follows, especially when this Kk, vector has any significant spread in
direction for states involved in the transport, which is the case for many interfaces
between different transition metals for which a large region of the Fermi surfaces
from both metals is involved [11, 14, 15]. In such systems, such as ||ColCulCo|| CPP
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Fig. 1 The precession- and position-dependent decoherence of carrier spins upon entering a
ferromagnet. The red arrow represents the average electron spin at the given position. e, is the
direction of the FM’s magnetization

structures, it is safe to assume that the spin precession of the carrier electrons
entering through (or reflecting from) a nonmagnetic/ferromagnet interface becomes
fully incoherent within a very short distance from the interface, on the order of an
inverse Fermi wave vector, thus losing its average spin angular momentum in the
direction transverse to the magnetization. This process of carrier spin precession
and its decoherence is illustrated in Fig. 1.

This rapid decoherence has significant implications for angular momentum
conservation. If one examines a spin-current transport across any one such inter-
face, one realizes that the decoherence corresponds to the loss of the transverse
component of the spin angular momentum from the carrier current. Since the
interaction is between the ferromagnet’s collective magnetically ordered state that
provides the local exchange and that of the transport carrier spin, angular momen-
tum conservation dictates that the lost transverse component of the carrier spin be
represented as a torque on the total magnetic moment of the ferromagnet. This is the
origin of the so-called spin-transfer torque (STT) or spin torque for short.

Metal-to-Metal Interface and Spin Valves

In all-metal multilayered CPP structures, an ultrathin (usually on the order of several
nanometers) ferromagnet and nonmagnetic metal film stack is the active component.
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Such a spin-valve junction, in the form of ||ColCulCo||, for example, together with top
and bottom metallic leads forms the basic structure. These have been well studied for
the past few decades for GMR, with the stack’s electrical resistance being influenced
by the relative orientation of the two magnetic layers. The reverse of which, namely,
an action of the spin-polarized current on the magnetic moment, is a direct conse-
quence of the transverse spin angular momentum transfer due to the decoherence
discussed above, giving rise to a spin-transfer torque on the ferromagnet.

The concept of a conduction electron’s spin angular momentum acting on a
ferromagnet via s—d-like exchange dates back many decades in the context of
charge-current-induced domain wall movement [16, 17], in the discussion of a
type of “dissipative” exchange coupling across a tunnel barrier in spin-dependent
magnetic tunnel junctions [8] and in the ability of a spin-polarized current entering
a ferromagnet to cause magnetic rotation and/or instabilities for the magnetic
moments near that interface [18]. Quantitative predictions were made about con-
sequences of STT on thin multilayered structures of the type ||FMINMIFM|| around
1996 by Slonczewski [14] and Berger [19]. The main predictions are that at
sufficiently large current density (of the order 10’ A/cm?) and with sufficient spin
polarization, the STT interaction related to the spin-polarized charge-current trans-
port across NM/FM interface would reduce the apparent damping of the FM layer to
negative values, resulting in an effective amplification of spin waves and/or
macrospin precession that could lead to a complete reversal of the moment of a
nanomagnet in a uniaxial anisotropy potential.

The STT-induced magnetic reversal involves dynamics different from magnetic-
field-driven reversal [14, 20, 21]. The STT’s action is not to directly counterbalance
the torque from either a magnetic field or a uniaxial anisotropy field. Instead, the
STT appears as an energy-nonconserving force, similar to damping. The leading-
order effect of STT is a modification of the effective damping of the ferromagnet.
When the damping coefficient turns negative, an amplification of magnetic preces-
sion results which can eventually lead to the reversal of the moment. This new
effect of STT-induced magnetic excitation and reversal is illustrated in Fig. 2.

Indications of magnetic excitation by spin-polarized current were reported in
point-contact magnetic multilayers [22, 23]. Experimental observations of
STT-driven magnetic switching were made in highly spin-polarized magnetic
oxide multilayer junctions [20, 24], and in well-defined transition metal pillars of
||ColCulCol|| [25]. Figure 3 summarizes the work of Katine et al. [25].

The observation of STT switching experimentally confirmed the basic quantita-
tive understanding of the STT-related transport physics and magnetodynamics. It
also demonstrated a simple principle for estimating the amount of current required
for switching of a nanomagnet under a uniaxial anisotropy potential [14, 20, 21]. In
practical units and in its simplest form, it is

2e a
o= () Qo
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Fig. 2 The transfer of transverse spin angular momentum from conduction electrons to that of a
nanomagnet and the effect of the STT torque. (a) A sketch of the basic all-metal spin-valve
structure; (b) focus on the thinner FM layer. Electrons with spin-polarization incident onto the
NIFM2 interface giving its transverse angular momentum away to FM2, resulting in an effective
torque on FM2. (¢) The orientation and effect of the torque. (d) The trajectory of the resulting
precession of FM2 if in a perfectly uniaxial anisotropy energy potential. When the STT torque
exceeds damping torque in the opposite direction, the precession trajectory opens up till it crosses
the equator, resulting in a magnetic reversal. (e) A reversal trajectory for a realistic thin-film
structure with strong demagnetization-induced easy-plane anisotropy

where I is the zero-temperature switching instability threshold, e is the electron
charge in Coulomb [C], # is Planck constant in [erg - sec |, m is the total magnetic
moment in [emu], and Hy the uniaxial anisotropy field in [Oe]. n here is the spin
polarization of the charge current passing through the nanomagnet. For a reasonable
set of parameters this evaluates to of the order of 1 yA per kgT of energy barrier
height for ambient T [20]. This amount of current makes it potentially within reach
for electronic device applications such as for solid-state memory.

Switching current requirements aside, the spin-valve type of devices as they
were however was generally not suitable for large-scale integrated electronics
applications. This is because of a significant mismatch in device impedances with
devices used in the established integrated circuit technology. A typical MOS-FET
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Fig. 3 Demonstration of STT-induced magnetic switching in nanostructured spin valves by
Katine et al. [25]. (a) A sketch of the device structure. (b) A top view scanning electron
microscopy (SEM) image. (¢) The spin-valve junction’s GMR versus magnetic-field sweep
curve showing the parallel and antiparallel transitions. (d) Same antiparallel-to-parallel (AP-P)
and parallel-to-antiparallel (P-AP) transitions driven by current passing through the device. (e) The
threshold of switching current as it depends on the bias magnetic field applied along the in-plane
easy axis of the GMR device

(for metal-oxide-semiconductor field-effect transistor) device’s on-state resistance is
of the order of 1 kQ, whereas a spin-valve device typically has intrinsic resistances on
the order of 1 Q. The small resistance, and relatively small magnetoresistance (on the
order of 10 % or less), makes them incompatible with silicon-based integrated
circuits of the present day, particularly when it comes to the electrical readout of
the magnetic orientation state which has to be done via magnetoresistance signal.
Thus, from the applications’ point of view, a spin-dependent device similar to the
spin valves described so far but with higher impedance is sought for. This makes the
discovery of spin-dependent tunnel junction with large TMR an exciting event.

Tunnel Barrier and Magnetic Tunnel Junctions

It has also been known for decades that a ferromagnetic electrode generally would
have different density of states at the Fermi level for spin-up and spin-down
sub-bands. This difference was quantitatively studied experimentally using a type
of ferromagnet—insulator—superconductor tunnel junctions [9]. For tunneling between
two ferromagnetic conductors, the tunnel conductance is expected to be dependent on
the relative orientations of the two ferromagnetic electrodes [6, 26]. Earlier explora-
tions [7] of such ||[FM;IIIFM;|| tunnel structures in the 1970s and 1980s were done at
liquid helium temperature for easier detection of small TMR signals and for quanti-
tative understanding, usually with a small TMR of a few percent.
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Experiments first reported in 1995 brought large TMRs for MTJs operating at
ambient temperature, enabling their application in consumer electronics industry.
Independently Moodera et al. [27] and Miyazaki et al. [28] reported observations of
appreciable tunnel magnetoresistances (TMR) over 10 % in thin film ||CoFelAl,O5|
Co|| and ||FelAl,O3/Fe|| tunnel junctions at room temperature. Development efforts
immediately followed to optimize materials combinations and processing condi-
tions to maximize TMR at low junction-specific resistance, mostly for sensor
applications, especially in the magnetic data storage industry.

Another important tunnel barrier material known since at least the early 1980s is
MgO [29]. It had been used successfully for superconducting Josephson tunnel
junctions with NbN electrodes [30]. MgO prefers to grow crystalline with (100)
orientation on many underlayer materials including Fe [31]. First principle band-
structure modeling predicted large magnetoresistance of over 1,000 %, for many
ferromagnetiIMgOlferromagnet systems such as ||Fe(100)IMgO(100)IFe(100)]| [32,
33] and ||Co(100)IMgO(100)ICo(100)|| [34] and other similar systems. It was soon
experimentally demonstrated that indeed tunnel junctions of MgO barrier have
superior properties with large ambient temperature magnetoresistance values
around 200 % or higher [35, 36]. At the time of this writing, the best experimentally
demonstrated TMR in MgO-based tunnel device stands at a room temperature value
of over 600 %, with low-temperature values exceeding 1,000 % at 5 K in CoFeBI|
MgOICoFeB tunnel devices [37].

The reason for very large TMR in crystalline MgO-based MT1Js is the strong spin
polarization for the particular set of electronic states involved in tunneling. Mate-
rials such as Fe and Co have only a modest spin polarization for Fermi-surface-
averaged density of states. However, for tunneling and especially tunneling in
highly (100) oriented crystals interfaced with (100) MgO, only states with very
specific momentum Kk-vectors are involved, and those states have stronger spin
polarization in their density of states. More importantly, these state’s decaying
characteristics of tunnel probability into the depth of the (100) MgO barrier are very
strongly spin dependent, thus causing a very strong spin dependence of the tunnel
conductance, giving crystalline tunnel junctions of Fe(001)MgO(001)IFe(001) type
far larger TMR than similar ferromagnet electrodes using amorphous tunnel bar-
riers such as AlQO,.

Large spin-torque effect in the form of bias-current-induced magnetic switching
was also observed in MTJs. The presence of spin torque as a dissipative exchange
force across a magnetic tunnel junction interface was predicted earlier [8]. Exper-
imentally, STT-induced magnetic switching was first directly observed in AlO,-
based MTJs [38]. A general framework was developed to quantitatively understand
the effect of spin torque in magnetic tunnel junctions [8, 13, 39, 40]. These analyses
mostly assumed a low-voltage expansion to the leading order of the tunnel con-
ductance elements. Consequently the tunnel conductances were assumed to be
independent of bias. Such a simple model clearly illustrates the difference in
accounting for charge-current transport, which relates to TMR, and for spin trans-
port, which relates to spin torques.
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Origins of Spin Torque

This section focuses on descriptions of spin angular momentum conservation in
various typical CPP transport configurations and the resulting spin torques experi-
enced by the ferromagnets participating in charge and spin-current transport. For
this one starts with a somewhat simplified model concept of a nanomagnet, a
macrospin.

The Macrospin as a Model System

A model system to examine the principles of spin torque has been illustrated in
Fig. 2a, where two ferromagnets, F; and F,, are separated by a nonmagnetic layer
that disrupts the nearest neighbor magnetic exchange coupling but retains some
form of electrical conductance through the pillar-like structure.

For simplicity one further assumes that both magnets are in their macrospin state
with no internal magnetic degrees of freedom. This is equivalent to setting the
exchange energy of the ferromagnets A., to be much larger than the energy scales
involved in the problem for the given length scale of the structure. A convenient
metric is for the exchange length 4., to satisfy [41, 42]

Aex
Aex = L 2
3 U., > 2

where A., is the exchange energy and U,, is the leading-order anisotropy energy
density. For thin films with weak intrinsic or interface anisotropy, this is often the
easy-plane anisotropy 2zM; with M, being the magnetization. For perpendicularly
magnetized thin-film elements, Uy, is the net perpendicular anisotropy. L is the
largest dimension of the ferromagnet in the problem.

Torque and Dynamics of a Macrospin
A macrospin has only two degrees of freedom — those determining the direction of

the magnetic moment. The dynamics of a macrospin is described by the
Landau-Lifshitz—Gilbert (LLG) equation. In vector form, it is often written as [43]

1\ dm a dm
—]— =mxHgx—|—mx—=x
y) dt ym dt 3)
zmxHeff— — mx(mXHeff)
m

where the effective magnetic field He¢ includes all torques from energy-conserving
forces such as magnetic fields and anisotropy fields. For a fixed strength moment
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m in a given energy potential U(0, ¢), the effective field transverse to m can be
written as Hep = —VU = —(0U/90) eg — (1/sin8) (0U/0¢) e,, where e and
e, are unit vectors on the unit sphere of polar coordinates (0, ¢); for the 6 and ¢
rotations, respectively, a is the phenomenological LLG damping constant and
y &~ —2ug /h is the gyromagnetic ratio that converts between magnetic moment and
angular momentum. The left-hand side of Eq. 3 is the time derivative of the total
angular momentum of the macrospin and the right-hand side its corresponding
driving force, i.e., the total torque acting on the macrospin. In this case the total
torque includes that from H.¢, which would be energy conserving if time indepen-
dent, and a damping torque. Normally the energy-conserving torque term is orders
of magnitude larger than the energy-nonconserving damping torque. The second
line in Eq. 3 can therefore be viewed as a first-order iteration from the previous
identity, assuming a small-damping torque term.

A Review of Spin-Containing Quantities and Spin Transport

Spin-1/2 Algebra
To facilitate the discussion in the next section, a brief review of spin-1/2 algebra is
. . L 0 1] . 0 —i . 1 0
given here. Let Pauli matrices 6; = {1 0},02 = L 0 },and 63 = [0 _1}
be the Cartesian components in spin space. Define a Pauli matrix vector
6 =6.e,+6,e, 1 G-e.. @)
Then, one has

[6,,,8,,]+ =0, ie. 6,6, =—6,6,(u#v),(u,v)€ x,y,z)
6.6y, = i6,(+ cyclical permutations).

Tr[6y.,..] = 0 )
6, ,.=1

where /, sometimes also denoted as 6y, is the 2 x 2 identity matrix. These properties

give more generally for any unit vector n, (n - 6)2 =1. Also, given two vectors A
and B in real space,

(A-6)(B-6)= (A -B)I +i(AxB)-6. (©6)

A spin of direction n is representable in spin space by a 2 x 2 matrix as

Sn= (%) (n-6) = @ng 9
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Its expectation value along any unit vector direction n’ is therefore

h
<S11,n’> = (Z)Tl‘[(n &) (n/ O/;)] (8)
Consequently a real-space expectation value of total spin in vector form is

1 e
() =5Tr [S.6]. )

Considerations for Quantitative Description of Spin Transport

For combined charge- and spin-carrying transport problems in solids, following the
approaches of Stiles and Zangwill [15], one can draw an analogy between the
conventional particle (charge) current transport and that of the spin current. For
charged particle transport, one writes the number density n(r), the particle number
current j(r), and the current continuation relationship as

n ()= w0 (1)

i (1) =Re|> v, (r)¥y;,(r) (10)
on "’
Vij+—=
J+ o 0

with . as an occupied single-particle wave function with state index i and spin

index o and v = —(if/m) V as the velocity operator. r is the real-space coordinate
vector.

To keep track of the spin component of the transport carriers, one recalls, for
example, in Ref. [44] that a spin-1/2 eigenstate along an arbitrary real-space unit
vector direction ng can be represented in spin space by a 2 x 2 matrix of n - 6 = 6

(ec-ny) + 65(ey - ny) + 63(e. - ny) , where 6 = Gie, + 6,€, + G3€. is a vector
. . . . . 1 . —i N
matrix with the three Pauli matrices 6, = [(1) 0} , 07 = [? 0 l} , and 63 =

0

out for spin-1/2 particles the spin-density matrix m, the spin-current tensor Q(r),
and spin-current continuity relationship as

), = S WD, (1)

o), =re
V.0 om

m
Q""E—_H'Fnext

1 0 . . . . .
{ 1 ] as its Cartesian basis set that defines the spin space. One may then write

> i o(0)86,0 @y (r) (11)
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where § = (h/2)6, and V - Q= ag}{"’ (sum over repeated indices k = {x, y, z}) is a

2 x 2 matrix with its left index i for its Cartesian axes in spin space, as is the spin
density m, originating from § as described above. The last equation in Eq. 11 is
the spin-current continuity relation, where 71, is the spin—flip scattering lifetime,
M = M — Mequilibrium 18 the so-called spin accumulation, and ey includes all
externally delivered spin current. Here ], represents a matrix element in the
2 x 2 spin space.

In this form, m(r) is a vector matrix in real space with the 2 x 2 matrix indexed
in spin space. The choice of y; , for diagonalizing the corresponding Hamiltonian,
when possible, would dictate a real-space spin eigenstate axis ng for {c, ¢’} to be

o,0'

“good” quantum numbers. Then the 2 X 2 matrix {ns.m]a .~ becomes a description of

m in spin space defined by direction n, in real space.
The projections of the spin density m along (e, ey, €,) are (mg) = (1/2) Tr [méy]
for f = (X, y, z) [44], giving the total average spin angular momentum density as

(m) = G) Tr[mé). (12)

The charge and spin current can often be conveniently combined into a 2 X
2 matrix vector form by joining Eqgs. 10 and 11 to read [45, 46]

= (i ()

with 69 = [ (1) (1)] , so that Tr [i] gives the charge-current component, while the

traceless part of the matrix gives the spin current. In situations such as ballistic
transport limit where a spin current with a unique spin eigenstate can be identified,
this reduces to the form used in Ref. [46]

o1
= Sido - (%)n 6 (14)

where ng describes the orientation of the spin current’s eigenstate orientation in real
space. In this situation the local electrochemical potentials u. (scalar) and spin-
accumulation potential p (real-space vector) can be written as

He = JOO Tr [f(e)] de (15)

&0

and

n, = ro Tr [f(e)6] de (16)

&0
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. -1
with f(¢) = frp(e) 60 and with frp(e) = [exp (SJTF) + 1] being the Fermi
distribution function. This in linear response limit reduces the relationship between
a spin-accumulation density vector dm and the spin-accumulation potential g as

om =1 Tr [(om)6] = (h/2)N(er) b, a7
with N(er) as the density of states at the Fermi level [46]. Equations 14, 15, 16, and
17 are most convenient when describing steady-state spins in a nonmagnetic metal
or in a ferromagnet with collinear spin moment alignment.

For a ferromagnet in noncollinear arrangement with electron spins, the exchange
field would result in rapid precession of spin states both in space and in time,
making the values of Egs. 14, 15, 16, and 17 difficult to evaluate or interpret.

In a nonmagnetic metal, on the other hand, Eqgs. 14, 15, 16, and 17 can give well-
defined spin-current magnitude, eigenstate directions, and current directions into
and out of a normal metal-ferromagnetic metal interface. An appropriate summa-
tion of these spin currents together with spin angular momentum conservation
could lead to the amount of torque absorbed by the ferromagnets in question.

Origins of Spin Torque

Spin Valves and a Normal Metal-Ferromagnetic Metal Interface

To examine the effect of spin-dependent transport across a ferromagnet—non-
magnetic materials interface, one needs to apply Eq. 11 for each individual trans-
port channel’s wave function, keeping account in both momentum and spin space.
To illustrate the concepts with a simple case, assume a metallic ||NIF;INIF,/N|| spin-
valve type of junction stack as depicted in Fig. 2. Assume transport involves only
simple free-electron bands, with a large exchange splitting inside the ferromagnets
F, and F,. This model, while simplistic, would be sufficient to reveal the origins of
spin torque [14, 15].

Focus on the electrons entering F, while carrying spin magnetic moment in the
direction n; = n;, where n; , = m, /m; , being the unit vector for the magnetic
direction of F;,. Inside F,, the exchange splitting results in a different Fermi
wavelength k;—f for the spin-up and spin-down states defined along n,. This for a
spin-carrying electron current with spin direction n, (generally noncollinear with
n,) entering F,, when summed over all k-vectors involved in transport across the
NIF interface, results in a rapid oscillatory decoherence of the transverse spin
amplitude inside F, — a situation addressed in the discussion surrounding Fig. 1.

This transverse spin angular momentum transfer would result in a torque in the
direction of m, X (m; X my;), which is in the plane of the incident electron’s spin-
polarization direction m; and that of the magnetic moment m,; thus it is also
referred to as the “in-plane” spin torque or 7 [47]. This is the process described
in Figs. 1 and 2 and is the simple physical picture of an electron spin-current-
induced torque on a ferromagnet.
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While this physical picture of the spin-transfer torque is simple, the quantitative
calculation can quickly become rather complex. In principle the treatment needs to
include spin-carrying electron transport channels in all directions, into and out of
the ferromagnet on both front and back interfaces, summed over all states. Impor-
tant issues such as the role of reflection and transmission amplitudes and phases of
the electrons at two sides of each interfaces would be important for quantitative
understandings [11, 14, 15].

For a simplified, symmetric film stack of ||NIF,IINIIF,IN|| where F; and F, are
identical for the interfaces facing each other and its NIF interfaces do not have spin-
current reflection from scattering of charge carriers, an in-plane spin torque of a
transport current I induced on F, was calculated to be [11]

h
Ty =ng (ny,my) 1<@>nz x (my x my) (18)
with cos@ = ny - ny, where

_Ip—Iap _Gr—Gar,
Ip+1sp Gp+Gap’

slmone) = £0) =— (3)+ &_> (3 .
2) "\ ’

Here 7 is the charge-current spin polarization with current I or conductance G in the
parallel (P), and antiparallel (AP) alignment betweenFy 5 - 74 = A(Rp + Rap)/2 s
the average resistance-area product of the junction stack (A being its area); r; =
V3rh/e*ky = 7.14 x 10~*Qum? is related to the Sharvin resistance [11, 48] of the
N metal (r; value here is for copper).

A similar discussion for the F,IN interface [49] shows a torque in the same
direction acting on F;, forming a so-called “pinwheel” drive force on the
two-layered magnetic stack formed by F; and F,. This nontrivial combination of
torque characteristic of the in-plane spin-transfer torque could lead to dynamic
excitations of both layers of magnets if they are of similar materials and with a
similar thickness [49-52].

This discussion also highlights the subtle point of the sources of angular
momentum current flow. The spin current in this case originates from the spin—flip
relaxation processes, mostly from the leads outside the F,—F, structure.

Where multiple reflections of the carriers are expected [53], the angular depen-
dence of 7, can be different from Eq. 19. One such example is theoretically
discussed in Ref. [54]. It may also be possible that a reflected carrier has its spin
eigenstate in a direction different from either m; or m,, which could in principle
cause more complex situations to develop. Although in reality the dephasing of
reflected electron’s spin state tends to be strong, hence the assumption is often made
for it to possess the spin direction of the last ferromagnet interface from which it
reflects [15, 53].

n
(19)
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Magnetic Tunnel Junction and a Tunnel Barrier Interface for Spin
Transport

In the case of spin-polarized tunneling, the middle nonmagnetic separation layer
between F; and F, is replaced by an insulating tunnel barrier. For such ||NIF;IIIF,|
NJ| structure and at a small, constant voltage bias across the stack, the charge
conductances for parallel (P) and antiparallel (AP) alignment are calculated to
be [13, 40, 47]

Gpr=G4++G__,Gap=G4_+G_4 (20)

while the spin current gives an in-plane spin-transfer torque on F, that amounts to
7o), With

% ~ (%) (Gt =G+ G- =Gy )m X (m X my) (2D
where G;; with (i,j) € {—,+} are the tunnel conductance matrix elements between
spin eigenstates of F; and F, in two collinear alignment geometries: G (G_ _) are for
left (F;) majority (minority) to right (F,) majority (minority) density of states, G_ , and
G_ , are for left (F;) minority to right (F,) majority density of states, and so on. The
small voltage assumption is such that the conductance matrices are not strongly
voltage dependent, and the constant voltage assumption is such that the voltage across
the tunnel barrier is independent of the magnitude of the charge-current flow.

Using the definition of magnetoresistance m, = (Ryp — Rp)/Rp where Rp Ap =
1/Gp, ap are junction resistances in P and AP states and for very high tunnel
magnetoresistance such as those seen in MgO-based devices [32, 40], one may
assume G, > {G, _, G_ .} > G_ _[40]. In this limit and assuming symmetric
electrode and interfaces, one arrives at an estimate of the in-plane spin torque in
relation to observable TMR values m, in the form of [40]

d h 2P
ﬂ %( )G IlzX(l’lzXl’l]):

)G
4 2
av e 14+P 22)
h G m,(m, +2) X (> x )
=|-— Y n n; X n
4e)F m,+ 1 2 2 !
Gp—Gupp __ my 3 141 —
where P =, /Ztpit = | /o5 Note for this definition that m, = (Rap — Rp)/

Rp €0, + oo] . Readers are encouraged to compare Eq. 22 with that of the spin-
valve expression, Eqgs. 18 and 19.

Generalized Parameterization and the Concept of a “Mixing
Conductance”

The spin-transport problem described above can sometimes be simplified and
generalized to a phenomenological “lumped element” circuit-like model, where
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the various ferromagnetic and nonmagnetic volumes (nodes) are connected via
idealized interfaces supporting spin-dependent, ballistic transmission and reflec-
tion of carrier electrons [45, 46, 55]. Such interface connection is similar to
the mesoscopic ballistic charge transport models of Landau and Biittiker
[56, 57]. These allow direct identification of the spin eigenstate components of
the various currents entering and leaving a specific volume, providing a quanti-
tative description of the spin torque acting on such volumes if they are ferromag-
netic. Within these assumptions, the charge and spin current realizes their
simplified forms as described by Eq. 27 in Ref. [46], and for an NIF interface,
the total spin torque associated with transport across this particular interface can
be written as

TR % (glim X (uy x m) + gltp, x m) (23)
where the first term is the T in notations used here. The second term describes a
field-like or perpendicular torque 7, due to the reflection or incomplete absorption
of transverse spin angular momentum, as discussed conceptually in section “Metal-
to-Metal Interface and Spin Valves.” The spin-potential vector pg is defined by
Eq. 16 in the normal metal adjacent to the ferromagnet in question. The quantities

and gi Land gl-Tl are the so-called mixing conductances. For typical metal spin valves,
gf_l > gl” [46], thus only T is significant.

Modified LLG Equation with a Spin-Torque Term

The microscopic mechanisms discussed in sections “A Review of Spin-Containing
Quantities and Spin Transport” and “Origins of Spin Torque” introduces a
transport-induced, energy-nonconserving torque term into a macrospin’s dynamic
equation, the so-called Slonczewski spin-transfer torque or in-plane torque, 7y, as
detailed by Eqs. 18 and 22. Combining them with Eq. 3, one has the modified LLG
equation including the in-plane spin torque for the magnet with moment
m receiving spin torque 7 (which is formerly also called F, earlier in this chapter)

to be
1\ dm a dm I
(;)E:m XHeff— (y_m)mxﬁ—i_ (m—32>m X (m an) (24)

where I is the spin-current amplitude and can be written as

_ (Al (Gp —Gap 1
(e <G”*Gf“’){ D@0
2| cos 3 + [ — ) sin 3

ra
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for all-metal spin valves from Eq. 18 and

B E m,(m, + 2)
li= (Ze) GV 2(m, + 1) (26)

for tunnel junctions with symmetric leads and barrier interfaces with high MR and
at low bias voltage, following Eq. 22. ny of course is the spin-polarization direction
of the spin current I;. Note that in this expression of Eq. 24, the general form of I
could contain dependences on the relative orientation between the incoming spin
current’s spin-polarization direction ng and the local moment m under description,
especially so for the spin-valve case explicitly described in Eq. 25.

For other forms of spin current such as a spin current at a ferromagnet-non-
magnetic interface originating from a spin accumulation induced by a charge
current that does not necessarily traverse the same interface (the so-called nonlocal
spin-current geometry [58—60]), the angular dependence of I; entering the free
layer’s LLG equation may be different from Eqgs. 25 or 26, depending on the details
of the interface and metal layer transmission and reflection properties for conduc-
tion channels of different spin components. One such model system is shown in
Ref. [45].

For small a and comparably small z;, Eq. 24 can be iterated once to read

1\ dm a 1
<;> < = mX Hei — (Q)m x (m x Hegr) + (m—sz)m X (m x ny) 27
which explicitly brings out the similarity between the in-plane spin-torque term and
the damping term in vector form.

Spin-Torque-Induced Magnetodynamics

Time Scales, Length Scales, and Constitutive Relationship for
Spin-Torque Dynamics in Continuous Medium

One implicit assumption in the formulation in section “Origins of Spin Torque”
(and especially section “Modified LLG Equation with a Spin-Torque Term”) is that
the transport processes producing the spin torque 7, can be treated with a stationary
moment configuration for m, , and the resulting torque expression would be usable
for describing the dynamics of the magnetic moment m in Eqgs. 24, 25, 26, and 27.
The justification for this approximation lies in the separation of time scales between
the macroscopic motion of the ferromagnetic moment m and the time-dependent
dynamics the spin-carrying transport carriers experience. Fundamentally these time
scales are related to the energy potentials producing H.¢ in LLG Eqgs. 24 or 27 and
the exchange-splitting energy at play in determining the transport carrier’s dynam-
ics. The former usually involves magnetic fields no larger than a few teslas (hence
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an energy scale of 2uzH ~ 10~*eV), whereas the exchange splitting for conduction
electrons could easily be of the order of 1 eV. The H.¢ precession dynamics, at 2.8
GHz/kOe, is therefore thousands of times slower than that of the transport carrier
dynamics. Therefore, a spin torque derived using a stationary m treatment could
usually be applied to the magnetodynamics of m in the simple form as stated by
Egs. 24, 25, 26, and 27.

One area this approximation may break down is when the system temperature
becomes sufficiently high and when one is interested in the details of magnetic
fluctuations with the presence of spin current. In this case, thermal energy may
cause the fluctuations of the carrier systems to affect that of the total magnetic
moment in ways that blur the boundary of time scales for such approximations.

Up till now for spin torque, one had also assumed the magnets involved were
macrospins. In reality, internal magnetic degrees of freedom of the magnets such as
F;, in a layered pillar structure as those described in Fig. 2 do have significant
influence on the overall behavior of such structures under spin torque. A phenom-
enological way of including a magnet’s internal degrees of freedom is to explicitly
include the long-wavelength magnetic exchange-stiffness term in the LLG equa-
tion. Following Landau and Lifshitz [61] or Herring and Kittel [43], one may make
the LLG Eq. 3 position dependent through the substitutions of m—m(r) and
H.—H.(r). The exchange stiffness can then be treated as a local force related
to the spatial variation of the local magnetic moment direction: Heg (r) — Hegr (r)+

(2D ) V’m (r) , which after Fourier transforming the LLG equation into its
Hgm

corresponding momentum space would read

D
Har() — B () + (5 € e8)
Hp
where D = (2hy /M) A.x = (dug/M;) Ay is the exchange-stiffness constant (e.g.,

D ~0.5 eVA” for cobalt [62]).
More generally, the phenomenological LLG equation for a magnetic body may
be rewritten as

Y dt

. D 2 —
;Hej(r,r )+ <2ﬂ3m)v m(r)] (29)
ey < P Y )

ym(r) dt

Note that while the exchange stiffness may be adequately treated as a local
interaction within the LLG equation, other torque terms, most notably that of the
dipolar interaction from different regions of the magnet of concern, may be
nonlocal in nature. This is also true for the spin-torque term that 7, 7, may be
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nonlocal because spin current in the nonmagnetic layer N could diffuse in the film
plane along the interface as well. The same could happen within the ferromagnets
F, 5, especially if one includes magnon scattering of conduction electrons. This for
magnetically inhomogeneous NIF interfaces could induce spin currents not just
between F , but laterally between different regions of F; and F,. Such lateral spin
currents are particularly important for all-metal spin-valve structures, where the
lateral electrical conductivity of the N layer is highly relative to the interface
resistance at NIF. The damping term could in principle become nonlocal, too,
especially when one considers the precession-related electrical voltage effects
known as spin pumping [63-65].

These nonlocal interactions involve different length scales and functional forms.
The dipolar interaction is long range, following a |r — r ? force dependence. This
is a well-known difficulty in treating micromagnetic problems. The spin-current-
related nonlocal interactions are generally more complex but tend to be truncated
by spin—flip scattering processes which usually decays exponentially in distance
with a characteristic length scale of Ly, a materials parameter, usually related to the
strength of spin—orbit interaction of the material. High-energy magnon-mediated
spin—flip scattering could be more complex, although that could in principle also be
included phenomenologically in the relevant parameters of I of the material. The
combined effects of these nonlocal interactions tend to be rather difficult to capture
except for a few very special cases. Numerical simulations, on the other hand, could
include these interactions if necessary but at the expense of computation intensity.
A special class of problem attracting a lot of practical interests is the effect of spin
current on the motion of magnetic domain walls. Such discussion is however
beyond the scope of this chapter. Readers are referred to, for example, Ref. [66]
for further discussion.

The quantity I can vary widely depending on materials and structures. In a
nonmagnetic metal such as Cu, the zero-temperature lg can be of the order of
1 pm. It decreases to about 100 nm at room temperature. Normally I, would
decrease for heavier elements due to the rapid increase of spin—orbit scattering.
Interfaces and atomic disorder can result in additional spin—flip scattering, reducing
the effective 1. In ferromagnets and antiferromagnets, lg is usually much shorter
and often difficult to define and measure for some materials due to the importance
of interface and atomic ordering that are difficult to control. i is more generally
related to the spin lifetime 7z of the electronic states involved. The exact conversion
between these two quantities would depend on the details of the electronic transport
of the states involved and is beyond the scope of this review.

The hierarchy of the length scales is often such that the exchange length 1., as
expressed in Eq. 2 plays a central role in determining the complexity of the LLG
equation involved. This is because m (r) would vary appreciably over a length scale
of the order of exchange length. Hence if the problem only has length scales shorter
than 4.4, most of the spatial dependence issues go away, and the LLG is reduced to
its simpler form of Eq. 24. For modern materials of technological interest such as

/|*
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the perpendicularly magnetized ultrathin CoFeB thin films forming part of the
MgO-based magnetic tunnel junction, A, is usually well below 50 nm.

Zero-Temperature Macrospin Dynamics

The basic dynamics resulting from a spin torque 7 can be illustrated with a zero-
temperature macrospin model based on Eq. 24. For simplicity one may assume the
spin current I is with a fixed polarization direction n,, and the magnitude of I; does
not depend on the relative angle of the magnetic moment m with n, — an assumption
that would be modified for a spin-valve geometry as will soon be discussed below.
One further assumes the simplest case where all magnetic axes including the spin-
polarization direction, the applied magnetic-field direction, and the anisotropy field
direction (if any) are one and the same. With this collinear alignment, the LLG
equation Eq. 24 can be examined analytically for some special cases.

One of the simplest special cases is if the only energy-conserving force present
in the question is a collinear-applied magnetic field along unit vector direction e,. In
this case the small-damping LLG equation with spin torque, Eq. 27, can be
rewritten as

1\ d I

i :mxHez—(g)mx(mxHez)—i— —~]Jm x (mxe,) =

y) dt m m? 30)
=m x He, — %mx(mxHez)

with @ = a — I;/mH. The last line in Eq. 30 recovers a normal LLG equation form
Eq. 3 without explicit spin-torque terms but now with a spin-current-controlled
apparent damping coefficient a.

The leading-order effect of the spin torque can readily be deduced from Eq. 30.
The effect of the spin torque is seen here as to modify the apparent damping of the
macrospin dynamics. Depending on the sign and magnitude of the spin current, it
could cause the apparent damping coefficient & to become larger or smaller than the
materials LLG damping a or even to reverse sign. When a changes sign into
negative values, the macrospin’s precession is no longer damped but rather ampli-
fied, resulting in an increase of the precession cone angle over time. Thus, the point
of @ = 0 is a critical instability threshold, and it defines the threshold spin current
for inducing magnetic excitation and even magnetic reversal. The threshold spin
current thus defined has the form I ¢ jica1 = mHa.

For a macrospin in a strong collinear uniaxial anisotropy energy well, Hegr = Hy
cos 6 with cos® = n,, - ny. The dynamics near the bottom of the well of 8 = 0 is not
significantly different from a unidirectional field discussed above. Thus

]s,critical = am(H + Hk)- (31)
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Translating this into its corresponding charge current, one has the threshold critical

current expression
c } = k

~ (Gp — Gap 1

) T )

for all-metal spin valves such as ColCulCo. This relation follows directly from
Eq. 25. Here instead of assuming a charge current with angle-independent spin
polarization passing through the nanomagnet, the expression for 77 already includes
a realistic symmetric spin-valve transport model [11] for converting a spin-current
threshold back to a charge-current threshold.

This threshold I. may be generally asymmetric for P-AP state, corresponding to
a 0 = 0 initial state, and AP-P state, corresponding to an initial 6 = x.

For high TMR tunnel junctions, the instability threshold in the term bias voltage
reads

where

(33)

= (06 Vit g o

which follows from Eq. 26. This threshold is symmetric in voltage for the P-AP and
AP-P transitions rather than in current, i.e., the same parallel state conductance
factor Gp enters the threshold expression for both configurations. This is also a
result of the spinor transformation and its related consequences on transport con-
ductance matrices [13, 39, 40]. If one writes for an MTJ the P-AP transition
threshold current as I. p_ap = GpV,, one could reuse Eq. 32, with an effective
polarization factor of

n=~/m(m +2)/2(m + 1) (35)
However, use caution since the AP-P transition threshold current would be much
less, corresponding to I, op_p = GapV..

The difference in angular dependence of the torque between a spin valve and an
MT]J is due to the difference of impedances between the two ferromagnetic elec-
trodes with respect to the full stack. In a spin valve the impedances are similar, and
a change in magnetoresistance results in different voltage distributions which
affects spin accumulation and thus spin polarization of the currents flowing through
the relevant interfaces. For an MT]J, the tunnel interfaces’ impedance is assumed to
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be much larger than the rest of the pillar. Thus, the spin-accumulation-related
corrections to total voltage from the rest of the pillar are negligible in most practical
situations.

The instability thresholds Eqgs. 32 and 34 can also be more carefully derived
using a small cone-angle-linearized LLG equation including all anisotropy terms.
One important case is the situation of a thin-film nanomagnet with a uniaxial
anisotropy axis lying in the film plane and a strong easy-plane demagnetization
field 4nM; as dictated by the thin-film shape. In this case one replaces the m(H + Hy)
term in Eqgs. 32 and 34 with m (H + Hy + 2zM;) [14, 20, 21].

The instability threshold is only a threshold for small cone-angle instability. It
does not necessarily lead to a full reversal of the magnetic moment direction in
general. However, in these two special situations discussed above (with simple
uniaxial anisotropy alone or a combined uniaxial and easy-plane anisotropy) and at
applied fields smaller compared to anisotropy energy scales, it turns out this
instability does lead to a full reversal of the magnetic moment later in time.

Another simple case to examine is if the spin-polarization direction ny in Egs. 24
or 27 is not collinear with that of the uniaxial and applied field direction e, but with
n, - €, = cos ¢. In this case the critical spin current Eq. 31 and the resulting critical
charge current or voltage Eqs. 32 and 34 would pick up an additional factor of 1/cos ¢
[20, 21, 67]. This divergence of the threshold current with respect to the tilt angle
when ¢ — z/2 might be counterintuitive at first. It results from a partial cancellation
of the total transferred spin angular momentum for a portion of the precession orbit
of m when ¢ # 0. [21, 67].

These instability solutions derived above do not include effects of finite temper-
ature which is important for nanomagnet dynamics, as will be described in sections
below.

Finite-Temperature Macrospin Dynamics

LLG Equation with a Langevin Field for Finite-Temperature Dynamics
At finite temperature and in thermal equilibrium with a thermal bath, a macrospin
will have a finite probability of being found near its energy potential minimum with
a probability described by the Boltzmann distribution. The time-dependent LLG
equation for such a system can be written as

1\ dm a
N mxH H—(—)x x H 36
(y) am (Hegr +Hy) ojm (m ff) (36)
which is similar to the zero-temperature Eq. 3’s H.¢ but with an additional white-
spectrum random vector field H; (also called the Langevin field) to describe
the thermal fluctuation due to interaction with the thermal bath. One may write
H; = H;.e, + Hj e, + H;.e. in Cartesian coordinates, with the three components
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satisfying (H;;) =0 and (Hy;H;;) = H}8;,; where {i,j} € {x,y,z}, and with the
amplitude H; determined through the fluctuation—dissipation relationship, giving a
H;, relating to the system temperature T as H; ; = \/2akpT /ymlan,:(t) A =X, ¥, 2),
where I,,,(t) is a Gaussian random function with the first two moments of
(Lun(t)) = 0 and (I% (1)) =1, with the three components’ fluctuation being
uncorrelated [68].

With the presence of in-plane spin torque 7y, if one assumes the spin-torque term
is without fluctuation, one may rewrite Eq. 36 in the same way as Eq. 27:

1\ dm a I

“)=—=mx (Hyy+H —(—)mx m x H, —)lm x (m x n,).

() Gt =m0 = G it (G
(37

Note this is a leading-order expression, thus higher-order terms of H; are

ignored here.

An interesting case arises when H.g contains only a magnetic field and is in
collinear alignment as assumed in Eq. 30:

1\ dm a
—)|—=mx (He H) —(—|mx (m x H 38
(3) G = m o B 1) (5 m o ) (9)
where the apparent damping coefficient @ = a — I;/mH assumes the spin-current-
modified value. A fluctuation-free spin current would not change H;, and thus one
is led to a fictitious temperature 7T in the presence of a spin torque such that

/2akgT [ym = 1/ 2akgT /ym, thus giving the fictitious temperature as a function

of the spin current:

~ T
T=——
1 - Is/Ix(‘ (39)

where I, = amH is the instability threshold spin current. Thus, for 0<I;<I., the
spin current I increases the fictitious temperature of the macrospin, whereas for
I;<0, it decreases the fictitious temperature. The threshold I;. corresponds to a
singular point in 7', consistent with instability. This fictitious temperature concept,
while relatively crude and strictly applies only to a macrospin system in a simple
external magnetic-field-induced potential, is nevertheless instructive. It describes
the change of the thermally distributed states of the macrospin upon the introduc-
tion of a spin torque. It also gives some conceptual guidance to the process of
spin-torque-induced excitations in a thin-film geometry involving magnetic inho-
mogeneity such as domain walls.

A more mathematically rigorous treatment of the finite-temperature macrospin
dynamics is to solve the corresponding finite-temperature Fokker—Planck equation.
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Fokker-Planck Equation Treatment of Finite-Temperature Spin-Torque
Problems

Fokker—Planck equation describes the time-dependent evolution of the ensemble-
averaged probability distribution of a system in a given environment and initial
condition. For a macrospin, one defines a probability density function P(n,,,t) = P
(6, @, t) that is the time-dependent probability of finding the macrospin in the solid
angle of sinfdAdg with a spherical coordinate set (6, @) describing the magnet’s
direction, n,,. The Fokker-Planck equation describes the dynamic flow of this
probability as a function of space (on the surface of a unit sphere in this case) and
time in the form of [68]

opP

—4+V-J-DV’P=0 40
i +V-J (40)
where
dn,,
=p—" 41
J I (41)

is the ballistic (zero-temperature) part of the probability current and DV?P =V - J,,
is the diffusive part of the probability current, with Jp = DVP. The constant D
describes diffusion rate in the probability phase space and can be determined via the
fluctuation—dissipation relation using equilibrium state comparison with the
Boltzmann distribution, which yields D = yakgT/m. dn,,/dt is of course just the
LLG equation, in this case with a spin-torque term included:

1 (dn,, dn,, I
; ( ;t + an,, x %) =n,, X Hes + (ﬁ) n, X (n, X ny). (42)

Equations 40, 41, and 42 give a set of partial differential equations that can
be solved at least numerically, and in some special cases analytically with
approximation, to give P(0, @, t), which is a statistical description of the evolution
of the macrospin in time and position. For detailed discussions on the
Fokker—Planck treatment of a macrospin under STT excitation, please refer to
references [69-76].

Switching Speed and Dynamics of a Macrospin Under Spin Torque

One area of potential applications of a spin-torque-driven device is in magnetic
memories. For such applications it is important to understand the switching behav-
ior of a nanomagnet under the influence of a spin torque, both in its fundamental
(zero-temperature) behavior and in its finite-temperature state. While a detailed
treatment of this problem even under the macrospin simplification would still
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involve the full complexity of the Fokker—Planck equation mentioned earlier, the
concept of this can be quantitatively illustrated using a simplified physical picture
as illustrated below.

Thermalized Initial Condition
Assume a simple uniaxial anisotropy well with collinear axis to ng. Then at an
equilibrium initial state, the probability of finding n,, at position (6, ¢) is simply

P(0, ;1)) = P(0) = Poexp {_ %} w

with U(6) = (1/2) mH, sin*0 = E, sin®@, where E, = (1/2) mHy is the uniaxial

anisotropy barrier height and Hy is the uniaxial anisotropy field. Equation 43 is
T

normalized to 1 = J P(0) sinfdé.
0
The ensemble average of the moment m is

(m) ~ m(1 —(0%)/2)e. (44)
and
oy _ kel
(0°) = 7, (45)

The thermal distribution of states in (8, ¢) space is on a unit sphere surface near the
easy-axis direction, as illustrated in Fig. 4 by the red cloud around the north pole.

T
D(7) 0 0
£ I1>1,
<
: I>>1,

Fig. 4 An illustration of the relationship between an initial angle dependence of switching time
7(6), the thermal initial angle distribution function P(@), and the distribution of switching time
D(z). The curve of 7 versus 6, is from Eq. 46
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Super-Threshold Spin Torque and Switching Speed

First consider the zero-temperature situation where a precessional reversal results
when a spin-polarized current I is applied through the nanomagnet at time
t = 0. Assume a super-threshold condition where I exceeds the intrinsic threshold
I. = (2e/h) (a/n) m (H+ Hy), where e is electron charge, a the Landau—
Lifshitz—Gilbert (LLG) damping constant, and # is the spin polarization of the
current as discussed in section ‘“Zero-Temperature Macrospin Dynamics.” The
switching time as defined in reference [21] is, for a small initial angle, 8 = 6y < 1
and a linearized LL.G equation for estimating the growth rate of 8 from its small initial
value to around /2 under I > 1, is:

~ 7o T
UL -n" (290> (#6)

S _ (/)
with 7o = (ﬁ) e = il jer

Equation 46 describes the relationship between the initial angle 6, at time t =
0, defined as the time when the spin-polarized current incurs a step rise from zero
to the value of I and the amount of time 7 it takes for the nanomagnet to
subsequently reverse its moment under the influence of the spin current and at
zero temperature.

To treat finite-temperature effects simply, one first considers an approximation
and assumes that the only the effect from finite-temperature thermal agitation is on
the initial condition distribution P(0). In this case, a direct relationship can be
established between the initial angle distribution and the switching time distribution
function D(z), as illustrated in Fig. 4. Note the very large angle behavior of 7(0)
would not follow the exact form of Eq. 46 which is only a small € expansion form.
The conceptual relationship however remains valid, and for most practical situa-
tions, the approximation Eq. 46 remains useful, as large initial angle events are
truncated by the exponentially decreasing probability in P(6). Also, the time the
trajectory spent in large 6 territory after a large I>1. excitation is relatively short
compared with the time it takes for the initial growth of 8 [21].

The thermal-fluctuation-dictated initial angle is random in ¢. The average angle
for 6 for a nanomagnet containing only an uniaxial anisotropy is:

J exp(—£60°)0'sin 0d0

(0) ~ 20 ~ 4£ (47)
J exp (7562) sin 6d0 ¢
0

with £ = Eu/kgT. The corresponding reversal time average over the results of Eq. 46
with 0 set to be thermal initial value of (6) is:

(7) ~ %m (g) /(I + C) 48)
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o.0)

where C = —J exp(—y) (Iny)dy = 0.57722 is the Euler number and
0

7 =10/(I/Ic = 1). (49)

One may also compute the distribution function D(z) defined on z € [0, + o] as
D(z) dt = P(0) sin € d6. This gives
2 2 2 2
D(e) = 3—texp| —(5) exp( ) == (50)
21’] 2

7] 7]

which has a peak position at

T = (%) In (”jf) (51)

- ()

Beyond the peak, D(z) decays with a time constant of z,/2. Thus the width of D
(r) is Atz = 7;/2 and is only weakly dependent on ¢.
The probability of the junction having not switched at time t is defined as

E.(t)=1- Jr D(z) dr =1 —exp (—ﬂige_ff) +0 {exp <— ﬂ;é)] (53)

0

and the peak value

which in the limit of 7/z; >> 1 leads to the residual error’s asymptotic relation

0 (2)e(-2) cofow(-Z) | mwn.

This residual error function is robust against a small adiabatically administered
initial tilt of the easy axis. The initial tilt angle 8, would modify E.(t) only in terms
of the order exp (—z2&/4) or smaller.

A treatment of the problem using the Fokker—Planck formulation [68, 69]
includes additional thermal effects such as the diffusion of initial states over time
and the diffusive nature of probability evolution during reversal. This gives rise to a
very similar result, with the same time-dependence component and an amplitude
prefactor that appears to be within a factor of 2 of that for Eq. 54.

Equation 54 can be equivalently viewed as a probability distribution function for
the switching threshold current / if one fixes the switching time ¢ at a certain
switching pulse width in time and explicitly writes out the switching error function
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E, (with an appropriate normalization prefactor) in terms of / by inserting the
definition of 7; from Eq. 49 into Eq. 54. This obviously gives an exponentially
decreasing Er at 7 >> I, limit.

Similar to the situation in time-variable expression, this also points to a small but
finite residual probability for the nanomagnet to not switch for any given time at
drive current /. This is the nature of STT-induced switching, corresponding to the
condition for zero average spin torque per precession cycle which would always be
present due to the sin # dependence of the spin torque. In a finite-temperature
scenario, this corresponds to a small region for initial state distribution on the (6, ¢)
unit sphere near the equilibrium position before the spin torque is turned on. States
within this region would experience asymptotically zero initial spin torque per
cycle of precession, and the switching time would become very long as a conse-
quence. This result is robust within a macrospin model. Experimentally the situa-
tion can be more complex due to internal degrees of magnetic freedom as well as a
more complex energy potential landscape especially at finite temperature.

Comparison between this simple, initial condition-only model calculation
described in the previous sections and a mathematically more rigorous, numerically
evaluated full Fokker—Planck equation calculation has also been done [69]. The
results of this simple model appear in reasonable agreement, with a full
Fokker—Planck result generating slightly faster switching times at the low overdrive
(I/1. ~ 1) limit. The exponentially decreasing tail of the non-switching probability
E,, either in 7 or in /, remains essentially the same [69, 75, 77]. This tail, however, is
yet to be experimentally observed, probably due to the non-macrospin nature of the
devices experimentally studied to date [78, 79]. Higher-precision statistics at
shorter switching time (well below 10ns) and for smaller junctions (probably
below 20 nm) would bring experimental situation closer to the macrospin model
assumptions, and one would have a better understanding of whether this macrospin
model predicted “stagnation” behavior [69, 75, 77] and is likely to cause practical
problems for reliable write operation for a memory element in its small-size limit,
for example.

Subthreshold: Spin-Torque-Amplified Thermal Activation

In the limit of / < I, and at finite temperature, there remains a finite probability
that the macrospin would be excited over the top of its uniaxial barrier and switch
directions. This process is governed by thermal activation assisted by spin torque.
The thermal-activated reversal for a macrospin in a uniaxial potential without spin

torque was well known [68]. It gives a lifetime before transition of the form 7 = 74

exp [zj (1-H/H k)z} with 74 &~ nh/ugH, the inverse of the characteristic frequency
at the bottom of the uniaxial potential well. Follow the discussion of section
“Finite-Temperature Macrospin Dynamics,” a rescaling of the macrospin’s tem-

perature by a fictitious T reflecting the involvement of spin torque that gives
explicitly the role of spin torque as
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T = T4exp [5(1 —H/H)X(1 - 1/1[,)} , (55)

which gives the probability of the macrospin not switching at the long time limit of
t > 1, after the application of spin torque as approximately

E, () = exp {_ (%) exp (_5(1 - ;))} (<1 (56)

These relationships and concepts are important for the discussion of spin-torque-
based memory device’s switching speed, switching distribution, memory retention,
and stability against read disturbance.

A more careful treatment with full Fokker—Planck formalism has been carried
out as well [70, 74, 80, 81]. The results are generally similar to Eq. 56, except when
in simple uniaxial anisotropy field and in collinear alignments, when one expects an
exponent of 2 instead of 1 for the factor (1 — I/I;) term in Eq. 56 [75, 82]. This
exponent of 2 case however is a very special one, requiring the exact knowledge of
the shape of the energy potential at the top of the barrier, as well as a precise
collinear geometry for magnetic anisotropy, applied field if any, and the spin-
polarization directions.

A closer examination mathematically [83] at the apparent exponent f of the (1 —
I/1.)P shows it will depend on the details of the quantitative and specific magnetic
configurations. Sample numerical results from the study show such apparent value
of f can easily cover the whole range of 1 < g < 2.

Detailed quantitative experimental comparison remains difficult, as the limit of
I/I. < 1 is hard to achieve in an MTJ with laboratory time scale in most experi-
ments with sufficiently high-energy barrier E,. Despite such difficulties, some
recent experiments successfully established some quantitative comparison between
measurement and model estimates [76, 84, 85], using perpendicularly magnetized
spin-valve systems, although the devices experimented with, while relevant to
technological applications, remain too large in size to be directly compared to the
simple analytical results of macrospin models.

Exchange Stiffness, Internal Degrees of Freedoms, and Magnons

For a thin-film magnet under spin torque, as discussed in section “Time Scales,
Length Scales, and Constitutive Relationship for Spin-Torque Dynamics in
Continuous Medium,” the internal degrees of freedoms would significantly
affect the thin-film response. Those problems are generally highly complex and
can only be solved using numerical integration of the LLG equation over
the volumes involved. Several conceptual issues, however, may be worth more
discussion.
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Linearized LLG in the Continuous Medium Limit Containing a Spin-
Torque Term

In this limit, one assumes the magnetic thin film is near its equilibrium easy-axis
direction. For simplicity further assume the easy axis is collinear with the spin
polarization of the reference layer direction and that of the applied magnetic field if
any, further simplifying Eq. 29 to ignore any spatial dependence of spin torque 7.
Following the treatment of spin waves within LLG by, for example, Herring and
Kittel [43], after some algebra one arrives at a linearized instability threshold for
spin torque to destabilize any particular spin-wave mode with momentum vector

kLlm as
2¢\ [a Dk?

with the effective spin polarization # assuming the same forms as discussed in
section ‘“Zero-Temperature Macrospin Dynamics” for spin valves and MTIJs,
respectively. Here D is the spin-stiffness constant often used to parameterize the
long-wavelength spin-wave (magnon) dispersion characteristics in the form of

magnon energy &(k) = Dk?. For Co, for example, D ~ 0.5 eVA® [62].

Note that Eq. 57 is for one specific spin-wave mode with a unique K. This is often
nonphysical I, in the sense that there could be other instabilities in lower k modes
(e.g., macrospin being k = 0 is the lowest). Any excitation of such lower-lying
modes would cause a growth of excitation amplitude, breaking the small-angle
linearized LLG equation assumption. In certain boundary conditions, however, it is
possible to shift the stability thresholds of these different modes differently, and a
finite k¥ mode could become the lowest-lying threshold. One conceptual example
would be a circular nanomagnet thin film with circumferential edge magnetic
moments completely pinned in one direction. In such a case the threshold for
k = 0 macrospin would become very high due to exchange energy cost compared
to a finite k mode with the wavelength corresponding to the size of the nanomagnet.

Confined Spin-Current Excitation of Spin Waves, One Quantitative
Example

One boundary condition problem related to spin-wave excitation by spin torque is
solved within the linearized LLG framework by Slonczewski [49]. This is a model
system with a radius a circular confinement of spin-current injection area and an
extended magnetic thin film for outward-radiating spin waves. The magnetic film’s
easy axis and the applied field are perpendicular to the film direction. For such a
boundary condition, the threshold current is calculated to be

I = (%) (%) (%)m Hegr + (0'7515> D/ 2“)2]. (58)

2up
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The intercept of this threshold expression at zero Heg reveals a rather intrinsic
threshold for initiating magnon excitation and propagation that is independent of

contact size a:
2e\ (Mgt D
I, =5.85(— — (59)
(h> ( n > (2ﬂ3>

which for 1 nm thick Co type of films with D ~ 0.5 eVA® at n=0.5 gives an I, ~
1.5 mA.

Experiments

Exploration of interaction between ferromagnetic bodies and charge-current-carry-
ing spin current began in the 1970s and 1980s [8, 16, 17, 86-88]. The pace of
experimental work accelerated significantly in the last decade, originating from
several factors including a clearer theoretical understanding, as well as a more
direct access to controlled experiments and device structures allowing quantitative
investigations, thanks to the development of modern fabrication technologies.
Potential applications in solid-state electronics further fuel the interest and accel-
erate the progress.

Spin-Torque-Induced Magnetic Excitation and Switching

Early experiments that directly reflect the action of spin torque were done using
giant magnetoresistance (GMR)-based metallic multilayers with point contact [22,
23], in nearly half-metallic manganite ferromagnetic junction structures [20, 24]
and in electron-beam lithographically patterned ColCulCo nanostructured spin-
valve pillars [25]. These experiments demonstrate the presence of a current-induced
change in junction resistance. The change has a threshold-like behavior, and the
threshold shows systematic dependence on applied magnetic field. A few of the
experiments went on to demonstrate full bias-current-induced hysteretic magnetic
reversal of one of the layers constituting the device structure [20, 24, 25]. The
observed threshold switching current demonstrated the expected dependence on
applied magnetic field [20, 24, 25], suggesting the presence of a spin-torque-
induced switching mechanism. Further proof for the involvement of spin-torque-
driven dynamics was shown when continuous microwave oscillation was observed
in nanomagnet pillar-based spin-valve junctions [89]. There has since been a large
body of both experimental and theoretical works exploring the nonlinear oscillator
behavior of a nanomagnet under the influence of a spin-torque term. For in-depth
discussions, the readers are referred to Refs. [90-93] and references therein.

The effect of spin torque on finite-temperature thermal-fluctuation process was
recognized when experiments with nano-patterned CPP spin valves revealed a finite
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subthreshold switching probability whose resulting probabilistic switching rate as a
function of the drive current amplitude showed a log-linear dependence, character-
istic of thermal activation [94, 95]. These experimental works led to the quantitative
description of the finite-temperature spin-torque dynamics described in section
“Finite-Temperature Macrospin Dynamics.”

The general behavior of the experimentally observable spin-torque switching
threshold value and its statistical properties over different time scales has been
well studied both for spin-valve systems and for tunnel junction-based
nanomagnets. Detailed quantitative understanding however has been complicated
by two factors — the often complex magnetic anisotropy energy potential involv-
ing orthogonal easy-axis and easy-plane anisotropies and non-macrospin-related
magnetodynamics. The first factor makes it difficult to have accurate analytical
expressions for the description of the switching probability as it depends on
the amplitude and time duration of the spin torque even in the very simple
macrospin model. The second factor makes macrospin model inaccurate for
device sizes much larger than around 20 nm for quantitative work. Both
issues are being addressed, thanks to materials and lithography technology
improvement. A new generation of spin-torque switches has emerged, based on
magnetic films having net perpendicular anisotropy (PMA films) [85, 96-99],
which makes the modeling more accurate as analytical results can be obtained in
many cases. Direct comparison with experiment reveals valuable insight into the
roles different materials parameters play [76, 78, 85, 100]. Advances of lithogra-
phy tools and technologies have at the same time enabled fabrication of device
structures below 20 nm in size, making it feasible to realize a nearly macrospin-
like experimental system, facilitating quantitative comparison with theoretical
understanding [78, 101-103].

Spin Torque in Magnetic Tunnel Junctions

After the observation of spin torque in early magnetic nanostructures mostly based
on all-metal spin valves or magnetic oxides, a significant experimental advance was
the observation of spin-torque effects in magnetic tunnel junctions. The first
observation was reported in permalloy—AlO,—permalloy tunnel junctions
[38]. The presence of spin-torque-induced switching in tunnel junctions means it
is now possible to impedance match a spin-torque switchable device with that of
VLSI CMOS technology, thus opening up possibilities for CMOS-integrated appli-
cations. The advance of MgO-based very high MR MTJ further made these
applications feasible, as it was soon clear that MgO-based magnetic tunnel junction
can also be switched by spin torque and with greater effectiveness [104, 105]. These
experiments also brought forth a major materials advance by making use of the
CoFeB as precursor materials for the tunnel electrodes in combination with MgO
(100) tunnel barrier. The method of thin-film stack synthesis utilizes high-precision
sputter deposition tools together with an optimized postdeposition anneal route for
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ensuring the proper orientation alignment between the MgO (100) tunnel barrier
and the resulting (bcc) crystalline CoFeB tunnel electrodes for large MR [106].

The high-quality MgO-based tunnel junction made available during this period
also enabled quantitative measurement, for the first time, of the magnitude and bias
voltage dependence of the spin torque in such devices [47]. These measurements
confirmed the theoretical understanding of a nearly linear dependence between the
“in-plane” component of the spin torque 7, and tunnel junction bias voltage at low
bias (below 0.4 V), as discussed in sections “Magnetic Tunnel Junction and a
Tunnel Barrier Interface for Spin Transport” and Zero-Temperature Macrospin
Dynamics.” It also revealed the presence of a significant “perpendicular” torque
7, that is quadratically bias dependent, consistent with earlier studies of an
exchange-like interaction across a tunnel barrier [8, 107-109]. More recently,
these measurements have been extended to higher tunnel junction voltages by
employing a low-duty-cycle time-resolved resonance technique, where a nonlinear
apparent reduction of 7, against bias voltage above 0.4 V was seen in one
polarity [110].

Applications

Spin torque provides an effective way of manipulating nanometer-sized ferromag-
nets using a spin-polarized current. This has been recognized early on as possibly
enabling a magnetism-based all-solid-state memory. Such memory, usually called
magnetic random-access memory or MRAM, has been in development for years for
special niche applications that require fast, nonvolatile, and radiation-hard memo-
ries. First-generation MRAMs use current-induced magnetic field for writing of
magnetic bits, which suffer from increasing demands of the amount of magnetic
field required for writing as the bit size is scaled down. The technology is generally
viewed as unsuitable for magnetic bit sizes much below 100 nm because of the
extraordinary amount of write current that does not scale with semiconductor
technology. Spin torque provides an effective alternative means of writing a
small magnetic bit using spin-polarized current that can be scaled down to smaller
sizes — perhaps to ten nanometers or below — before eventually reaching the tunnel
barrier’s maximum allowed current density.

Spin-torque-induced magnetic oscillations occur at microwave frequencies
and have been explored for applications where a compact and tunable microwave
source is desirable such as for short-distance communications between circuits.
Spin torque is also a force present during the operation of a magnetic-field
sensor based on MTJ or spin valve, such as the types used in magnetic hard-
disk readers. There the noise and dynamics characteristics are affected by
spin torque. More recent discussions have broadened to the possible use of
a spin-current controllable magnetic device as a logic-gate element that may
offer some advantages over CMOS for certain applications at advanced technol-
ogy nodes in terms of power dissipation and nonvolatility of intermediate logic
states [111, 112].
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Spin-Torque Switchable Magnetic Tunnel Junction as Memory
Devices

Idealized Device Characteristics

A two-terminal junction having two or more stable states that can be switched using
a controlled amount of bias current (or voltage) constitutes a memory element. To
make effective use of such an element in advanced CMOS circuit environment
requires the two-terminal device’s electrical impedance and signal swing to match
that of the CMOS transistor-based circuits. This was enabled by the discovery of
MgO-based MTJs with large MR well over 100 %. The simplest circuit element for
such memory application has current—voltage characteristics as shown in Fig. Sa.
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Fig. 5 The basic device characteristics of a spin-torque-based two-terminal switching element, in
the macrospin limit. (a) The I-V characteristics under nearly constant voltage drive showing the
low-resistance (magnetically parallel or P) state and the high-resistance (magnetically antiparallel
or AP) state and the switching thresholds between the two states. Inset: a possible symbol for the
spin-torque-switched MTJ as a two-terminal circuit element. (b) The time—domain behavior of the
junction resistance during switching. Thermal noise would cause the exact switching time 7, to
fluctuate with a well-defined probability distribution that is described in section “Switching Speed
and Dynamics of a Macrospin Under Spin Torque.” The oscillation in this illustration is only
meant to show magnetic precession. Its resistance change may be minimal especially if the MTJ is
of the type involving only symmetric, perpendicularly magnetized films whose magnetic preces-
sion around easy axis would not result in resistance oscillation. (¢). The relationship between
switching time 7y, and the drive current (or voltage) amplitude when driven above the threshold /.
or V., as defined by Eq. 46. (d) The dependence of mean switching speed 1/zy,, on bias amplitude.
Above threshold the linear dependence and its distribution are governed by Eqs. 46 and 53. Below
the threshold, by Egs. 55 and 56
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The threshold voltage for an MTJ can be estimated using Eq. 34, which relates
switching threshold voltage V. or the corresponding P-AP threshold current I. =
G, V. to the uniaxial anisotropy barrier height Eb = mH,/2 when considered within
the macrospin model assumptions, giving

de a
- (4) 5

where 7 is defined by Eq. 35. For macrospin, typical materials parameters would
indicate an I. of the order of 30-50 pA if E, ~ 60kgT where T = 300 K. Of
experimentally verified devices with sizes larger than 30 nm or so, the I, tend to be
significantly larger than such macrospin-derived values. This is believed to be
related to non-macrospin behavior of finite-size devices and in particular a form
of thermal and spin-torque excitation that is sub-volumes [78, 102, 103].

Equation 60 indicates a minimum write current independent of junction size if
one is to maintain the same data retention lifetime or E,,. This is likely the ultimate
limiting factor for scaling of spin-torque-based MRAM bit size [20, 21, 113]. Given
a tunnel barrier’s current density threshold for damage to be of the order 10’ A/cm?,
one should expect the junction size to be scalable down to about 10-20 nm, while if
using all-metal spin-valve type of structures, either directly or via the nonlocal spin-
current approach discussed below, the limiting current density is likely to be an
order magnitude or so higher, and hence the magnetic bit size another factor of 3—10
down, or to perhaps around 5 nm, and limited not so much by write-related
breakdown as by the achievable E,, in such small volumes.

Above threshold, there is a trade-off between write current and write speed. The
product of write current I, and write time 7, follows a simple conservation

relationship of
Ly — 1)ty ~ <ﬁ> <§)K 61)
Hp/) \1I

which is a reflection of angular momentum conservation during the spin-torque
switching process. A numerical factor x describes the details of the write-
probability distribution’s shape. For a z,, defined as the peak switching probability
density in time, x = (1/2) in (n°E,/4kgT) according to Eq. 51.

Equation 61 suggests an improvement of switching speed upon the reduction of
the total magnetic moment m. Thus switching speed usually improves for smaller
junction bits. For a typical junction of the lateral size of somewhere between 50 and
100 nm, (I, — I)ty, =~ (0.1-1) % 10~ 2 Coulomb depending on device size and total
magnetic moment involved. This relationship is illustrated in Fig. 5c, d.

Below threshold I and at finite temperature, there is a finite probability for
thermally activated reversal. This is discussed earlier in section “Sub-Threshold:
Spin-Torque-Amplified Thermal Activation.” It relates to memory applications
because (a) the thermal activation lifetime Eq. 55 limits the data lifetime of stored
data bit, and (b) when reading a data bit, finite bias voltage (and current) is applied,
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which can lower the effective activation barrier (e.g., making E, — E, (1 — I/1,)),
shortening data retention time. This is the so-called read—disturb which needs to be
taken into account during memory design. Note that this process redistributes the
probability function around the energy minimum, and it takes some time for this
redistribution to complete [75]. The time scale involved is on the order of 75/a [76]
where 7,4 & nh/ugH) is the magnetic attempt frequency-related time scale and o the
LLG damping. Nonlinear mode coupling among different magnons may affect this
time scale too.

Spin-Torque Switching Efficiency and Control of Magnetic Anisotropies
A key attribute to improve for CMOS-integrated memory application is the amount
of current needed for spin-torque-induced magnetic switching. It needs to be
minimized while at the same time retaining the devices’ ability to store information
for extended periods of time (typically 10 years as a specification). That is, one
needs to minimize /. while maintaining a certain value of E,,.

A thin-film MTJ’s magnetic anisotropy can have a variety of forms. The
situation that is theoretically easiest to analyze involves a single uniaxial anisot-
ropy, in which case the threshold current is directly proportional to the barrier
height, as discussed in sections ‘“Zero-Temperature Macrospin Dynamics” and
“Idealized Device Characteristics.” This is not naturally the case for a thin-film-
based MTJ whose free layer tends to experience strong shape-induced demagneti-
zation field keeping the moment in-plane. In fact, the earlier demonstrations of
spin-torque switching devices were all made using devices with predominantly
in-plane magnetic anisotropy (IMA for short) thin films. In such cases, the uniaxial
anisotropy axis is also in-plane and often controlled, at least in part, by a high-
aspect-ratio (e.g., 1:2-1:4) shape of the MTJ. In such configurations, in addition to
the uniaxial anisotropy, there is a strong easy-plane anisotropy 4zM,, which results
in a much increased spin-torque switching threshold current determined by m (Hy +
27zM) as discussed at the end of section “Zero-Temperature Macrospin Dynamics.”
The easy-plane anisotropy does not contribute to thermal activation barrier height
E, = (1/2) mHj. It therefore dilutes the effectiveness of spin torque, increasing its
threshold without correspondingly increasing the desired barrier height.

An obvious remedy for this situation is to make use of thin-film materials with
strong crystalline or interfacial anisotropy that is perpendicular to the film surface
with a magnitude exceeding that of the in-plane demagnetization energy 2zM>. For
such films, the magnetic easy axis would be perpendicular to the film surface. This
is the so-called perpendicular anisotropy (or PMA) geometry. These avoid the
orthogonal anisotropy-axis configuration of an IMA device, improving switching
efficiency.

A common figure of merit to measure the effectiveness of a spin-torque device is
the efficiency ratio of E/I.o, where I, represents the zero-temperature instability
threshold. In theory at least, within macrospin model assumptions, PMA devices
would allow a much better efficiency ratio than IMA devices. This however
becomes more complex in reality for devices with sizes much larger than the
magnetic layer’s exchange length, as the spin-torque switching process becomes
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sub-volume and non-macrospin. A non-macrospin junction tends to degrade this
efficiency ratio [78, 102]. Generally speaking, junctions with smaller lateral size in
comparison with the magnetic exchange length would have better spin-torque
efficiency ratio E/l,,. This has recently been experimentally observed in
sub-50 nm spin-torque switchable MTJs [78, 98, 101-103].

The advantage of PMA-based devices for spin-torque switching was recognized
early on, although experimental demonstration required the development of new
materials systems and integration of such materials into sub-100 nm lithography
environment. It wasn’t until 2006 did one see first unambiguous experimental
demonstration of spin-torque switching of a PMA material [114] and a (ColNi
and ColPd)-based spin-torque switching with improved spin-torque efficiency
[115]. These discoveries were rapidly followed up by other PMA materials for
switching device exploration since.

Factors Important for Memory Applications

Key to applications of spin-torque-driven MTJ in memories is the availability of an
appropriate magnetic thin films with PMA that is compatible with high MR MTJ
requirements, such as those using (001) MgO as tunnel barrier. For this the PMA
thin films need to have sufficient perpendicular anisotropy to overcome the demag-
netization and supply for sufficient uniaxial anisotropy with E;, > 50kgT or so with
T being ambient temperature. The film needs to have as strong an exchange stiffness
as possible, so as to make exchange length long enough to be comparable to lateral
device dimension to minimize sub-volume agitation-related device property deg-
radation. The film further needs to be highly crystallized, at least at its interface
with MgO, with a (bcc) symmetry matched into the (001) orientation of the MgO
barrier. This is to satisfy the spin-dependent tunnel junction’s requirement for band
matching in order to have high spin polarization and large TMR. For technology
integration and cost reduction, the tunnel junction materials stack would further
need to be compatible with standard CMOS back-end processing temperature,
usually around 350-400 C. The combination of these requirements presents a
difficult set of challenges for materials development, although amazing progress
has been made [79, 97-99, 116] since 2005, when SONY first demonstrated a
successful integration of an IMA MgO-based MT]J spin-torque device with a back-
end CMOS process [117].

The fundamental scaling of a spin-torque-driven MTJ as a memory element is
likely limited by the amount of current density a tunnel barrier can support. To
satisfy data retention, an E;, > 60kT would usually be necessary, meaning the total
current of a switching device is likely to stay above what is dictated by Eq. 60 for a
macrospin, which is of the order of 30-50 xA. Assuming a tunnel barrier break-
down voltage of about 0.5 V at an RA product of about 1 Q pm?, the breakdown
current density would be about 5 x 10" A/cm?, corresponding to a minimum
junction size of about 10 nm across. There are a few additional factors that could
mitigate this limit to some degree, such as the Joule heating and hot-electron-
induced magnetic heating of the MTJ structure during switching current
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application. The macrospin-based value would nevertheless be a good starting point
for estimating the device performance one could expect.

The switching or “write” error probability for write pulse width 7 and height V
decreases with increasing magnitude of the write voltage bias. In macrospin limit
and for short pulse width = ~ 7, the relationship follows Eq. 54, which can be
rewritten to read

2
E.(V,7) = (%) exp [—g (L - l)] , for V>Vy (62)

70 \Veo

. m
with g :;7‘/6({ ’/’;‘;pp
Macrospin Under Spin Torque” and 7 as defined by Eq. 35. & = E,, /kgT. Experi-
mentally, the observed write error probability versus write voltage in 100 nm size
devices at 7 ~ 10 ns (which doesn’t exactly satisfy the short time limit but close)
shows slightly faster decrease [79] than the exponential dependence predicted by
Eq. 62, although the observed V, tend to be a factor of 2—5 larger than macrospin
prediction. This is most likely due to the non-macrospin nature of the switching
process in combination with the requirement of total angular momentum conser-
vation [78]. The exponential nature of the macrospin switching probability versus
write voltage is potentially a concern for devices at scaling limit (when approaching
macrospin behavior), as it might limit the achievable write error for a reasonable
write voltage. The real device behavior is only just beginning to be experimentally
investigated quantitatively. Other high-energy processes may affect the details of
switching statistics — processes such as spin—flip scattering of tunnel electrons may
cause generation of very short wavelength magnon populations that mimic a
non-macrospin situation even when the junction sizes approach macrospin cross-
over length scale as estimated by the spin wave’s long-wavelength exchange
stiffness.

as defined in section “Switching Speed and Dynamics of a

Nonlocal Spin-Current and Three-Terminal Spin-Torque Devices

As discussed earlier, the transport of spin current, and therefore the presence of spin
torque T, does not always accompany a charge current. This can be developed
further into device concepts, where the charge and spin-current paths are separate,
so that various desirable device characteristics, such as read and write impedance,
magnetoresistance, and breakdown characteristics, can be optimized separately.
Earlier experiments have successfully demonstrated the presence of a pure spin-
current-induced voltage signal similar to what was described by pg in Eq. 17
[5, 58]. This has led to a pure spin-current-driven magnetic switching without the
charge current directly passing the nanomagnet being switched by the spin current
[59, 60, 118]. A 3-terminal spin-torque-driven magnetic switch device is experi-
mentally constructed based on these principles [119]. The basic structure is illus-
trated in Fig. 6. In this structure the injection layer (IL) is magnetic and extended in
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Fig. 6 An illustration of the device structure for a nonlocal spin-current-driven magnetic switch
(a). (b) The equivalent circuit of the device. (¢) A cross-section transmission electron microscopy
image of a device showing the layer compositions. (d) The spin-torque switching phase boundary
in (H, I) space. (e) Trans-resistance of the device at different sweep rates of the spin-valve side bias
current, from 0.025 to 25 Hz. (f) Sweep-rate-dependent threshold current and the resulting
estimate of thermal activation barrier height (d and f, Reprinted with permission from [119,
120, 138], Copyright [2009, 2010], AIP Publishing LLC)

lateral dimensions, and the FL and the synthetic antiferromagnetic (SAF) reference
layer are magnetic and patterned down to small sizes. The layer (yellow) between
IL and FL is for drawing charge current, as well as coupling spin current to the
FL. It is high in electrical conductance and low in spin—flip scattering rate.
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The metal structure forming T1 is also patterned down to a size similar to that of the
FL to provide the necessary current concentration for spin filtering through IL into
the conduction layer. The charge current is injected through terminal T1 and
collected at T2. Spin accumulation results in the nonmagnetic layer between T1
and the free-layer (FL) magnet. This spin accumulation drives a spin current that is
absorbed by the FL. The spin current thus exerts a spin torque 7, that can switch the
magnetization of the FL. Above the free layer, a magnetic tunnel junction can be
built whose resistance state can be read out between terminals T3 and T2.
The shared lead resistance between input and output sides from the current carrying
layer is shown as Ry in the equivalent circuit (b). A common current path from the
read and write circuits traverses the thin-film metal of the current carrying layer,
labeled as a resistor of value R, in the equivalent circuit in Fig. 6b. The advantage of
this device structure is it allows in situ preparation of two interfaces critical for spin
transport — that between the injection layer IL and the high-conductance metal layer
and that between the high-conductance metal layer and the free layer — thus
achieving best spin-transport characteristics. The device has been demonstrated to
show switching characteristics similar to those built based on all-metal spin-valve
structures for its write characteristics, reaching a threshold current of about 7 mA
for Ins switching for a simple in-plane magnetic anisotropy system of CoFeB/Cu
for an Ey, ~ 39kpT [119, 120]. For CMOS-integrated applications, further optimi-
zation would be necessary. Materials designs utilizing perpendicularly magnetized
thin films would improve its spin-torque switching efficiency and reduce the
switching current, for example.

There are other 3-terminal devices demonstrated for the separation of read and
write current. Some does not depend on the type of nonlocal spin transport
discussed above. As shown in Fig. 7, one type of 3-terminal spin-torque switchable
device uses a split contact arrangement for the magnetic free layer, thus enabling a
direct, spin-valve-like action on the write operation while using a tunnel junction
interface for readout [121]. Spin-torque-induced magnetic switching is demon-
strated with this device configuration at 70 x 200 nm” size with a 40 nm trench.
The fabrication of the trench structure between the contacts above FL is lithograph-
ically challenging. A similar device structure but with magnetically coupled while
electrically isolated input—output has also been proposed for possible digital logic
applications [112].

More recently it has been demonstrated that one could generate the nonlocal spin
current required to switch a nanomagnet using spin-Hall effect through spin—orbit
interaction [122]. This results in a similar device construct as those shown in [119]
but with simpler layout. It has been experimentally demonstrated as an effective way
of generating large amount of spin current for switching the nanomagnet. For device
applications so far the spin-Hall-based nonlocal spin-current generation seems to be
fundamentally confined to a geometry where the spin polarization lies in the plane of
the interface the spin current has to cross to enter the nanomagnet [122], making its
application somewhat difficult for full PMA structures.
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Fig.7 A 3-terminal spin-torque switchable device using a split contact for the magnetic free layer
(© [2009] IEEE. Reprinted, with permission, from [121]). (a) Schematic of the device and (b) a
cross-section transmission microscopy picture of the built structure

Open Questions and Future Challenges for Spin-Torque Science
and Technologies

After over a decade of intense investigation, the basic phenomena involving spin-
torque-related magnetic excitation are reasonably well understood. Promising
device applications such as spin-torque-based magnetic random-access memory
are well under way. There are however still areas where quantitative scientific
understandings lack, and other areas entirely new concept are being proposed and
investigated as this article is being written. As a part of the larger inquiry into spin-
dependent transport physics in condensed matter, spin-torque physics remains one
of the cutting edge studies into the novel properties of matter, with the promise of
many potential applications.
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So far discussions of spin-torque-related transport and dynamics are mostly
limited to semiclassical scenarios, where the ferromagnet is treated essentially as
a classical object in terms of its dynamics. The quantum mechanical equivalent of
such dynamics is still being developed conceptually [123], which should provide a
path for the transition between a semiclassical macrospin picture and that of truly
atom-like objects with few spins, including extreme examples, such as the Kondo
scattering problem. In such cases the separation of time and energy scales between
the ferromagnetic body and the spin-carrying transport carriers may blur or no
longer exist, and new insights into relationships between known phenomena may be
gained, as well as possible discoveries of new behaviors.

The noise characteristics of spin-torque-related systems are another area of
potential interest, both for practical purposes in terms of sensor characteristics
and for conceptual understanding. Spin torque couples the noise dynamics between
the carrier electrons and that of the ferromagnets involved. A quantitative descrip-
tion of the fluctuation characteristics of such coupled systems far from equilibrium
(under the influence of transport current) remains to be established.

There remains a tremendous amount of complexity in spin-torque-related behav-
ior in non-macrospin magnetic systems, as dictated by the nonlinear nature of most
spin-torque-related large amplitude excitations. These processes and their relation-
ship to other magnon excitations such as those induced by high-energy tunnel
electrons have only recently started to attract attention for quantitative
investigations [124].

Recent research begins to investigate spin current related to processes other than
tunneling or spin valves. Spin-orbit-related spin-current generation and propagation
received much attention [125, 126], including the so-called spin-Hall effect as a
source of spin current [127-129]. Direct observation of spin-torque effect using
spin current generated by such spin-Hall effect has also recently been demonstrated
[129-131], including complete magnetic switching [122]. Discoveries of new state
of matter such as topological insulators (see, e.g., Ref. [132, 133] for a review on
the subject) might also 1 day lead to new applications.

Spin-dependent transport in a temperature gradient is now being actively studied
as well. A full set of spin-transport parameters equivalent to the thermoelectric
effects is being established [134, 135]. Experimentally, these in transition metal
ferromagnets tend to involve small signal measurements, where separation of
thermoelectric and thermal spin-transport phenomena is not always straightforward
[136]. Careful studies of the thermodynamic quantities associated with these
transport processes also highlighted the often subtle energy-conservation require-
ment in spin-dependent transport processes in addition to an appropriate treatment
of angular momentum and entropy current flow [65].

Spin current is also carried by magnons in ferromagnets. Consequently, a
magnon-mediated heat flow is also accompanied by a spin current. A significant
amount of spin current may be extracted from thermal gradients involving ferro-
magnets [137]. With an appropriate combination of materials maximizing heat
transport via magnons, these may be turned into useful spin-current devices [137]
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with greater efficiency of spin-current generation than the spin-filtering mecha-
nisms based on tunneling or spin valves as discussed in this chapter.
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