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Current-induced torques in magnetic materials
Arne Brataas1*, Andrew D. Kent2 and Hideo Ohno3,4
The magnetization of a magnetic material can be reversed by using electric currents that transport spin angular momentum.
In the reciprocal process a changing magnetization orientation produces currents that transport spin angular momentum.
Understanding how these processes occur reveals the intricate connection between magnetization and spin transport, and can
transform technologies that generate, store or process information via the magnetization direction. Here we explain how currents can generate torques that affect the magnetic orientation and the reciprocal effect in a wide variety of magnetic materials and structures. We also discuss recent state-of-the-art demonstrations of current-induced torque devices that show great
promise for enhancing the functionality of semiconductor devices.

F

erromagnets are characterized by a magnetization that has
long been used to store information. The magnetization is
largely due to localized electron spins with their associated
magnetic moments aligning in a particular direction in space,
which gives rise to a collective magnetic moment and magnetization that is far larger than that of non-ferromagnetic materials.
The magnetization direction of a ferromagnet can represent a bit
of information (for example, orientation up = 1 and down = 0),
such as that used in hard-disk drives. The principal means of
altering the magnetic moment direction has been to use applied
magnetic fields from currents through wires that generate Oersted
fields. However, there have been major new discoveries in condensed matter and materials physics — known as spin-transfer
torques — that have expanded the means available to manipulate
the magnetization of ferromagnets and, as a result, have accelerated technological development of high-performance and highdensity magnetic storage devices. These new magnetic devices are
all electronic (that is, they do not have moving parts like a harddisk drive) and can be integrated with, and add functionality to,
semiconductor devices.
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Figure 1 | Illustration of current-induced torques. A spin-polarized current
enters a ferromagnet. The interaction between the spin-polarized current
and the magnetization causes a change in the spin direction of the outgoing
electron compared with the incident electron. The difference in spin
polarization causes torques on the ferromagnet, both a torque in the plane
of the incident and outgoing electron spin directions (a spin-transfer torque)
and a torque perpendicular to that plane, called the field-like torque. The
bold vertical arrow is the magnetization of the ferromagnetic layer.

Similar to electric currents being carried by moving charge, the
spin current occurs due to moving spins. The spin current carries
angular momentum, which can be transferred to the magnetization, a phenomenon known as spin-transfer torques. Sloncwezski
and Berger were the first to theorize about the existence of this
phenomenon1,2. The torques are a result of an interaction between
itinerant electrons in a ferromagnet that are spin polarized (spin
currents) and the magnetization. The interaction can be very strong
and occurs locally; it only occurs in regions in which spin currents
flow, and thus can be precisely directed for applications. Spintransfer torques have been found to be both present and important
in all known magnetic materials, including transition metal ferromagnets, magnetic semiconductors and oxide ferromagnets. In
fact, spin-transfer torques are not limited to ferromagnetic materials, or even to ferromagnetic conductors or semiconductors. Not
only can they also be important in ferromagnets and antiferromagnets, but they also occur at interfaces of insulating magnetic materials. Furthermore, spin transfer is also seen in a variety of material
structures and device geometries, including point contacts and
nanopillars composed of magnetic–non-magnetic multilayers as
well as in nanowires and magnetic tunnel junctions. The latter are
now widely used in hard-disk drives and are of particular importance to the development of all electronic magnetic memories.
This article reviews the fundamentals, phenomena, devices
and materials of spin-transfer torques, at the heart of this rapidly
advancing field of current-induced magnetization dynamics. We
discuss how spin-transfer torques will permit the ultimate miniaturization of magnetic random access memories (MRAM), commercially available memories that at present use magnetic fields to
reorient magnetization to store information. Although spin-transfer torques can reorient magnetization by spin currents, we also
discuss a new way of probing spin transport in materials using a
reciprocal process, known as spin pumping, which is the emission
of spin currents by magnetization reorientation. The most significant developments are in recent experiments confirming sophisticated theories of spin-transfer torques and spin pumping, and they
clearly show how they directly open up possibilities for improved
nanometre-scale electronic devices.
Spin-transfer torques are associated with spin currents in materials, a flow of electron spin angular momentum that arises when
there is an imbalance between a flow of up- and down-oriented
electron spins. Figure 1 illustrates the basic physics of spin-transfer
torques. An electron spin interacts with the magnetization of a thin
ferromagnetic layer and this interaction results in a reorientation
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of the electron spin on transmission through (or reflection from)
the ferromagnetic layer. By conservation of angular momentum,
a change in the direction of an electron spin angular momentum
leads to a torque on the magnetization of the ferromagnet. These
torques can be directed as shown in Fig. 1. They can either be in
the plane of the incoming and outgoing electron spin direction or
perpendicular to that plane. The former is often called the in-plane
(or adiabatic) spin-transfer torque and the latter is known as the
perpendicular torque (or non-adiabatic or field-like torque). The
relative importance and magnitude of the two spin-transfer torques is dependent on material and device structure and is critical
to applications in that they determine the threshold currents for
magnetization switching and magnetization precession frequencies, as we discuss in this Review.

Layered ferromagnet–normal-metal systems

The field of spin-transfer-torque-induced magnetization dynamics
was stimulated by the first observations of this phenomenon in
transition metal ferromagnetic–normal-metal multilayers. These
multilayers exhibit the giant magnetoresistance (GMR) effect 3,4,
which is a large change in resistance of the multilayer in response
to altering the relative magnetization orientation of the ferromagnetic layers. Current-induced magnetization dynamics requires
large currents, and the current densities required for the onset of
magnetic instabilities (~1010 A m−2) were achieved in nanometrescale electrical contacts, both in mechanical point contacts3 and
in lithographically defined nanocontacts4 (Fig. 2a). The stacks
consist of magnetic layers, a thin one, which is excited by the spin
torque and another, which is typically thicker, to break the (inversion) symmetry of the layer stack, which is the fixed magnetic
layer in the stack. Current-induced magnetic excitations were
a

inferred from current–voltage (I–V) measurements through the
GMR effect. As magnetic excitations change the contact resistance
through the GMR effect, the I–V relation changes. Current–voltage measurements showed an asymmetric response (I → −I and
dV/dI does not go to −dV/dI) and strong peaks in differential
resistance at threshold voltages and currents that depend on the
applied field (see bottom panels of Fig. 2). The threshold behaviour is set by a competition between the Slonczewski spin torque
and the Gilbert damping, as we discuss in equations (1) and (2)
below 5. Nanocontacts were needed for both fundamental and practical reasons. Electrical current flow generates both spin torques
and Oersted fields. In small contacts the spin torques can be far
larger than the Oersted field torques. Practically, the Joule heating is minimized in nanocontacts as electrons are thermalized (and
heat is thus dissipated) in the (much larger) contact reservoirs, on
the scale of the electron inelastic mean free path. The spin torque
may also excite spin waves near the contact region6.
The next major developments were a number of significant
advances in nanofabrication methods that enabled the realization of much smaller structures, nanopillars, in which the current
flows through a bounded ferromagnetic layer, typically less than
100 nm in diameter 7. With this new structure, the spin torques can
again generate spin-wave excitations but can now also reverse the
magnetization orientation of one of the magnetic layers. Again,
the I–dV/dI response is asymmetric, but in this case magnetization switching could be clearly identified because the change in
nanopillar resistance induced by a super threshold current was the
same as that induced by changing the nanopillar magnetic state
with a magnetic field, from parallel alignment (P) of the magnetizations of the layers to antiparallel (AP) (Fig. 2b). From this
it was inferred that spin currents could alter the magnetic state of
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Figure 2 | Current-induced torque sample geometries. a, A point contact to a ferromagnetic (blue)/non-magnetic multilayer. b, A nanopillar composed
of two ferromagnet layers — a fixed polarizing layer (bottom) and a free layer (top) — separated by a non-magnetic layer. c, A single ferromagnetic layer
nanopillar. In a, spin waves are excited in the contact region that can radiate away from the contact. For one current polarity there is a threshold for the
excitations, and a corresponding peak in the contact’s differential resistance. In b, currents can reverse the magnetization direction. The switching occurs at
thresholds and leads to distinct resistance states and hysteretic I–V characteristics. In c, currents can induce spin-wave excitations that lead to a decrease
in differential resistance at a threshold current and for one polarity of the current.
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a nanopillar between P and AP states depending on the current
polarity. This latter identification is of substantial interest for spintransfer-torque magnetic random access memories (STT-MRAM).
Experiments also show that spin-transfer torques lead to magnetic states that would be inaccessible with magnetic fields alone,
which can form the basis of new spin-based devices. For instance,
a spin current can drive a magnetic layer into a state of maximum
magnetic energy 8, as if the effective dissipation acting on the layer
changed sign owing to the presence of the spin torque9. Spintransfer effects have also been observed in samples that consist of
just a single magnetic layer, showing that a distinction between
fixed polarizing and free layer is not essential10 (Fig. 2c). Most significant for the fundamentals of spin-transfer torque devices; a d.c.
spin current was shown to lead to narrow band voltage noise in
the microwave (gigahertz) range and the spin torque drives persistent oscillations of the magnetization11. Oscillations at gigahertz
frequencies have been seen in nanopillars, nanocontacts, all metallic structures and magnetic tunnel junctions. In contrast, Oersted
fields from a d.c. current can lead to magnetization reorientation
but not to long-term magnetization precession and gigahertz noise.
This clearly demonstrates that spin torques produce fundamentally
new types of magnetic excitations and is also of great interest for
electric-current controllable microwave oscillators.
The understanding of current-induced magnetization dynamics
is based on the consensus that ferromagnetic magnetization dynamics is determined by the Landau–Lifshitz–Gilbert–Slonczewski
(LLGS) equation

current-induced torques, which are at the centre of our attention.
Figure 3 illustrates the magnetization dynamics described by equation (1). The first term on the right side of equation (1) leads to
precession of the magnetization about the effective magnetic field
direction. The second term leads to relaxation of the magnetization
towards this field.
Spin-transfer torques can be understood as follows. In a
ferromagnetic metal, electron spins that are parallel to magnetization and spins that are antiparallel to magnetization typically have
vastly different electronic structures. Spins that are non-collinear
with respect to the magnetization direction are not eigenstates of
the ferromagnet, but can be described as a coherent linear combination of majority and minority electron spins. If injected into a
normal-metal/ferromagnet interface, these states precess on time
and length scales that depend on the orbital part of the wavefunction. In high-electron-density transition metal ferromagnets such
as Co, Ni and Fe a large number of states are available around the
Fermi energy. Beyond a transverse magnetic coherence length,
which in these materials is larger than the Fermi wavelength, typically on the scale of 1 nm, a transversely polarized spin current
cannot persist 14–16. When spin angular momentum is conserved,
this destruction of transverse angular momentum is according to
definition equal to a torque. Using conservation of spin angular
momentum, the Slonczewski torque τS = (∂m/∂t)STT reads

∂m = –ym× H + αm × ∂m +τ
eff
∂t
∂t

where Ms is the saturation magnetization and V is the volume of
the ferromagnet. The spin current IS depends on the geometry and
materials combination of the device. In symmetric ferromagnet–
normal-metal–ferromagnet systems (spin valves) the expression
for the spin current is especially simple. Let us denote a unit vector along the magnetization of the left (right) layer ml (mr). When
the ferromagnet is wider than the transverse spin coherence length,
the spin current in the left (right) layer must be of the form ml
pI (mr pI), where the polarization p is the same in both symmetric layers and is a function of the relative angle between the two
magnetizations and I is the charge current. Assuming spin angular momentum is conserved, the spin-transfer torque on the left
(right) layer is then

(1)

where m is a unit vector along the magnetization direction, γ = gμB/ħ
the gyromagnetic ratio, where μB is the Bohr magneton and g is
the Lande g-factor, Heff is an effective magnetic field determined
by the external magnetic field as well as the exchange stiffness,
dipole field and anisotropy field caused by the spin–orbit interaction, α is the Gilbert damping constant causing relaxation of the
magnetization to its equilibrium orientation12,13, and τ denotes the
Heff

Damping

τs = –

γħ
2eMsV

m ×(m×Is)

τl = m l ×( m l ×m r)p
Field-like torque

m

Spin-transfer
torque

Precession
m × Heff
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(3)

A similar expression can be found for the torque on the right
ferromagnet τr by substituting ml ↔ mr, changing the overall sign,
and introducing different magnetizations and volumes of the left
and right layers. A subtle yet interesting fundamental point is that
the symmetry of the torques on the left and right layers does not
reflect transfer of angular momentum between the layers, but instead
transfer of angular momentum from the itinerant flow of the spin
current to the magnets. The itinerant spin-current flow is built up
by the exchange of angular momentum with the lattice reservoirs.
In general, in asymmetric layered systems, a field-like torque
correction to Slonczewski’s torque (equation (4)) is also allowed
τsβ = –

Figure 3 | Illustration of the LLGS dynamics (equation 1). The
magnetization (m) precesses about the effective field direction (Heff). The
green arrow illustrates the dissipative (damping) torque that tends to move
the magnetization toward the effective field direction. The red arrow is the
spin-transfer torque and the light-blue arrow is the effective field torque
with an electron spin polarization collinear with the effective field.

γ
I
MsVe

(2)

γħ
β m ×Is
2eMsV s

(4)

and βS gives the relative strength with respect to the Slonczewski
torque in equation (3). The field-like torque is typically very small
in a metallic spin valve as transverse spins dephase rapidly 17,18. We
also note that the effective field-like torque changes the frequency
of the magnetization’s precessional motion. Thus the threshold
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for current-induced excitation of the magnetization is mainly
determined by a competition between the Slonczewski torque
(equation (2)) and the damping torque in equation (1). In general,
the threshold is proportional to the damping and the total angular
momentum of the free magnetic layer. This physics explains the
main phenomenology of spin transfer in metallic systems, including the magnitude of the threshold current and its dependence on
material parameters, such as the Gilbert damping. Slonczewski’s
seminal work2, the scattering approach19 and magnetoelectronic
circuit theory 14–16,20 are all consistent with each other in their appropriate limits and give further insight of more complex devices and
phenomena than discussed here16,21. A pedagogical explanation of
the loss of transverse spin current at normal-metal–ferromagnet
systems is given in ref. 22.

Layered ferromagnet–insulator systems

In layered systems, attention has shifted from metallic spin valves
to magnetic tunnel junctions (MTJs) because MTJs’ potential
for applications is far greater, as they exhibit far larger magnetoresistance and a resistance compatible with semiconductor devices.
MTJs consist of two ferromagnetic electrodes separated by an insulator that is sufficiently thin (around 1 nm) that electrons can tunnel between the electrodes. The resistance of an MTJ depends on
the relative orientation of the magnetization of the electrodes23,24.
When the electrode materials are the same, parallel magnetization
results in low resistance, RP, and antiparallel in high resistance RAP.
The resistance ratio is called tunnel magnetoresistance (TMR) ratio
and is defined as (RAP − RP)/RP. The TMR ratio is much greater
than the GMR ratio25,26, particularly when CoFe–MgO–CoFe
(001) junctions are used27–30; TMR ratios of over 600% have been
achieved at room temperature31. The high TMR ratio is achieved
by choosing materials with different symmetries of the wavefunction for spin-up and spin-down electrons so that the conductance
depending on the overlap of the wavefunctions is very small when
the MTJ is in the antiparallel configuration.
It has been established that spin-transfer torque in MTJs
induce magnetization switching from parallel to antiparallel and
antiparallel to parallel depending on the direction of current 32–35,
as in metallic systems. Whereas an initial challenge was producing
MTJs that can carry the current densities required for spin-torque
switching without breaking down, this is now routinely achieved in
laboratories worldwide. In contrast to metallic structures (or GMR
structures) in-plane and out-of-plane spin torques are comparable
in magnitude, and both play important roles in inducing magnetization switching and precession36–38. In symmetric systems, the
in-plane torque changes sign with current bias direction, whereas
the out-of-plane torque is an even function of the bias39. A precise
determination of how the barrier and electrode materials influence
this form of the torque in general asymmetric systems remains a
challenge that is critical to understand to improve the performance
of MTJ devices. A consequence of the out-of-plane-torque is that
MTJs with an in-plane magnetic easy axis can switch under a voltage pulse and then switch back to the original state at still higher
biases of the same polarity 40. This is a result of the competition
between the spin-transfer torque and the out-of-plane torque that
favour opposite magnetic states41.

Non-uniform magnetization in ferromagnets

Spin-transfer torques are not only important in systems where
the magnetization is uniform within each magnet, but also in systems where the magnetization gradually changes its direction. A
region of non-uniform magnetization, called the domain wall
(DW), appears at a boundary between two domains having different magnetization directions. The width of a DW is in the range
of 10 to 100 nm and is determined by the competition between
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Figure 4 | A head-to-head magnetic domain wall. The blue arrows
indicate how the magnetization changes gradually from the magnetic
domain with a magnetization pointing to the right and to a magnetic
domain with the magnetization pointing to the left. The purple arrows
show the spin of an electron passing from left to right through a
magnetic domain wall that is wider than the electron wavelength; its spin
adiabatically follows the magnetization direction resulting in a spin flip.
The loss of spin angular moment is transferred as a spin-transfer torque to
the magnetization (red arrows).

the exchange stiffness that aligns spins and the anisotropy energy
that orients spins in energetically favoured directions. For example,
consider spin-polarized itinerant electrons passing through a DW.
As the electrons traverse the DW, the spin of electrons precesses
and changes their direction as a result of the exchange interaction
with the localized spins of magnetic ions (Fig. 4). Conservation of
angular momentum dictates that the change of angular momentum
of the traversing electrons is transferred to that of magnetic ions.
This transfer exerts a torque on the local magnetization, changes
its direction, and results in a displacement of the DW called current-induced DW motion. This is not a new understanding, Berger
realized in the 1970s that “a flow of electrons crossing a wall, and
having their spins flipped, will apply a reaction torque on the
wall”42. Berger’s group measured how currents could move DWs,
but the relatively large samples required huge currents, making it
difficult to obtain straightforward experimental confirmation of
the current-induced DW motion because of the local heating 43. The
advent of modern nanoscale fabrication techniques made it possible to observe this current-induced motion of a DW in the absence
of a magnetic field and to make experimental progress. In the case
of NiFe (refs 44–47), a magnetic strip with a cross-sectional dimension of 10 nm × 240 nm, for example, was fabricated to reduce the
current to an experimentally manageable and much more interesting level for use in devices35. Another approach was to use a magnetic strip of a ferromagnetic semiconductor (Ga,Mn)As (ref. 48),
which required much less current density to observe the motion
because of its small anisotropy.
To develop a quantitative description of the current-induced
DW motion, let us formulate the torque that acts on a DW. Each
electron carries an electric charge −e and an angular momentum
±ħ/2. To the lowest order in the magnetization gradient, the spincurrent density j(s) flowing along x at position r is polarized along
the local magnetization, j(s)(r) = m(r)j(s), where the scalar spincurrent density j(s) is measured in the units of an electrical current
density (A m−2). The gradual change of the magnetization direction
corresponds to a loss of the angular momentum of the itinerant
electron subsystem, ∂xj(s) = j(s)∂xm. This change of spin current does
not leave the system, but flows into the magnetic order, thus inducing a torque on the magnetization ∂(mMs)STT/∂t. To the first order
in texture gradient, or adiabatic limit, and for arbitrary current
directions, the Berger spin-transfer torque is
τB (r) =

γħ
p(j . )m
2eMs
Δ
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(5)

where P = j(s)/j is the spin polarization of the electric current density j.
A torque perpendicular to (though smaller than) equation (5) is
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also allowed49,50 in magnetic textures, which leads to qualitative
new effects. To the lowest order in the magnetization gradient and
for magnetic isotropic systems this torque is expressed as
γħ
β Pm×( j . )m
2eMs B
Δ

τBβ (r) =

(6)

where the so-called βB parameter characterizes its relative strength
to Berger’s torque of equation (5). τBβ is called the magnetic-fieldlike or non-adiabatic torque because its direction is the same as the
magnetic field that induces DW motion and it is a correction to
the simplest adiabatic torque (equation (5)). In magnetic textures,
the in-plane and out-of-plane torques are computed and discussed
in refs 51–54.
In the absence of the non-adiabatic torque in equation (6),
DWs move when the current density exceeds the threshold current
density jc (ref. 51)
jc = 2eKλw
πħP

(7)

where λw is the DW width and K is the hard axis anisotropy. The
threshold current density of equation (7) is called intrinsic because
it originates only from the magnetization texture and not from
extrinsic pinning centres. In metal wires with an in-plane magnetic
easy axis, jc of equation (7) is too high >1013 A m−2 to explain the
much lower currents observed in experiments. It was later discovered49,50 that the torque responsible for the DW motion in materials
with in-plane easy axis metals is τBβ of equation (6). In this case, the
current-induced DW motion is characterized by the βB parameter
and the Gilbert damping constant α. In soft magnetic metals like
NiFe, where DWs are rather wide, it is found that βB is sensitive
to the nature of the DW55,56. In this case, the steady-state DW drift
velocity is proportional to the βB parameter and inversely proportional to α. So, even though the non-adiabatic torque in equation (6)
might be much smaller than the adiabatic torque of equation (5), it
totally dominates how fast the DW moves and is very important.
In contrast, the non-adiabatic torque of equation (6) is much
less important in explaining experiments on DW motion in perpendicular magnetic materials like (Ga,Mn)As (ref. 57) and Co/Ni
(ref. 58). These experiments are explained well by equation (7). An
examination shows that perpendicular magnetic materials reduce
the hard axis anisotropy K by more than an order of magnitude,
resulting in narrow DWs that are influenced by extrinsic pinning.
This implies that the field-like dissipative torque of equation (6) is
insufficient to overcome the stronger pinning force. At the same
time, the threshold current of equation (7) is greatly reduced
because of the smaller value of K. As a result, in perpendicular
magnetic materials, the adiabatic torque of equation (5) dominates
the DW motion59,60.

An interesting frontier in the study of current-induced DW
motion is the universality classes to which DW creep motion
induced by current and field belongs. The classes were shown
to differ for the field-driven and current-driven motion in
(Ga,Mn)As (ref. 61), indicating that the nature of the torques
acting on a DW in a disordered background is qualitatively different. Subsequent experiments on Co/Pt, where τBβ dominates,
showed that both field- and current-driven cases belong to the
same universality class62,63. Whether the difference is due to the
nature of disorder in the system or due to the nature of torque is
an open question.
Spin–orbit coupling can enhance current-induced torques
because angular momentum driving the magnetization dynamics can also be supplied by the lattice. A recent experiment saw
effects of spin–orbit coupling on the current-induced DW velocity 64, but it is unclear if these effects occurred by an effective Rashba
enhanced spin–orbit torque or by a spin Hall effect from an adjacent normal-metal layer 65. In either case, it opens the potential for
the assistance of spin–orbit coupling to increase the efficiency of
current-induced torques.

Spin pumping

Current-induced magnetization dynamics is directly related to
spin-pumping and spin-motive force. Spin pumping can be used
as a new way to probe spin-dependent phenomena in condensed
matter, for example, to generate spin-transfer torques on magnetic
materials. Furthermore, investigating and exploiting the connection between spin-transfer torques and spin-pumping and spinmotive force give complementary information about spin-transfer
torques that can be hard to obtain from current-induced magnetization dynamics.
Spin pumping is emission of a spin current induced by the magnetization dynamics. This spin current flows into adjacent normal
metals in contact with a magnet with a precessing magnetization,
as in Fig. 5. This implies that spin pumping is the reciprocal phenomenon to spin-transfer torques caused by the absorption of
spin currents from normal metals into ferromagnets. This follows
from Onsager’s reciprocity relations showing that spin pumping and spin-transfer torque are two fundamentally equivalent
dynamic processes in magnetic structures66,67. The microscopic
parameters that govern these processes are therefore identical. Spin
dynamics generates spin currents in adjacent normal metals68–70.
Tserkovnyak et al. developed the scattering theory of spin pumping
induced by magnetization dynamics on the basis of the theory of
adiabatic quantum pumping 71–73. In thin-film ferromagnets, which
are in contact with normal metals, the spin-pumped current is
lost in the adjacent normal metals when they are good spin sinks
(for example, in metals with strong spin-flip scattering such as Pt);
this leads to an enhanced magnetization dissipation in thin-film
ferromagnets, which can be used to tune the relaxation time of the

Spin pumping
and
spin-transfer torque

m1(t)

Ferromagnet

m2(t)

Normal metal

Ferromagnet

Figure 5 | Spin pumping from a ferromagnet via an adjacent normal metal gives rise to a spin-transfer torque on a second ferromagnet. The dynamical
precession of the ferromagnet generates a spin current into the adjacent normal metal.
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magnetization orientation, but often results in a larger threshold
current for current-induced magnetization switching.
Theoretical results were confirmed by the quantitative agreement of the spin-pumping-induced increase in the magnetization
dissipation74–77. The reciprocity of spin pumping and spin-transfer
torque in two ferromagnetic layers separated by a normal metal has
also been tested. When one ferromagnet precesses, it emits a spin
current to the second ferromagnet where the spin angular momentum is absorbed. This can be seen in an enhanced broadening of the
ferromagnetic resonance. When the resonance fields are tuned so
that both ferromagnets precess, the emission and absorption of the
spin currents compensate each other and no additional broadening
is seen, showing the direct equivalence between spin pumping and
spin-transfer torques.
The reciprocity between spin-transfer torques and spin pumping
was used in a ground-breaking demonstration that electric signals
can be converted into pure spin signals, transported through an
insulating magnet as spin waves, and re-converted into electric
signals78. The sophisticated experiment cleverly uses established
mechanisms, by which charge information is converted into spin
information by the spin Hall effect 79 (in which a longitudinal charge
current induces a transverse spin current), and the spin information is transmitted from the normal metal to the magnetic insulator
by spin transfer between the metal conduction electrons and the
magnetic insulator spin waves. Extraction and detection of spinwave currents are carried out by the reciprocal effects; spin pumping from dynamic magnetic insulators emits spin currents in the
metal72 and the inverse spin Hall effect converts this spin current
into an electrical signal80. The experiments suggest a route to the
creation of spin circuits in insulators where there is no charge flow
that might have superior low dissipation loss as well as novel forms
of signal transmission. Many researchers are at present exploring
the frontiers of this new field of pure spintronics in charge insulators, because the systems might exhibit phenomena that are radically different than charge-based electronics devices.
In layered systems, the spin-pumped current out of the ferromagnet is transverse to the magnetization direction81
e
∂m
∂m
I
= G Rm×
+G Im×
ħ s,pump
∂t
∂t

(8)

where G⊥R (G⊥I ) is the real (imaginary) part of the transverse
(‘mixing’) conductance of the normal-metal–ferromagnet system14.
Analogous to discrete systems, there is a reciprocal process to the
spin-transfer torques of equations (2) and (5) in ferromagnetic
textures. In a ferromagnet, a pumped spin current is transformed
into a charge current as the conductivities for majority and minority electrons differ. To leading order a time-dependent texture is
expected to pump a current that is proportional both to the rate of
change of the magnetization and the gradient of the magnetization
texture. For isotropic systems, the most general expression for the
pumped charge current is82,83
ji(pump) =

[

[

ħ
∂m
σP m× ∂m + βB ∂m .
2e
∂ri
∂ri ∂t

(9)

where σ is the conductivity and ri is the component i of the spatial
coordinate. Note that here we have assumed a strong spin-flip rate
so that the spin-diffusion length is much smaller than the typical
length of the magnetization texture.
The pumped currents in equations (8) and (9) can be viewed
as arising from spin-motive forces due to the time-dependent
magnetizations84,85. In its simplest limit in systems with weak spinflip relaxations, the pumped spin current corresponds to a spinbattery bias, which is determined by the ferromagnetic resonance

frequency of the ferromagnet 71. This spin battery can in turn be
used to create spintronics devices based on pure spin currents,
where only spins and no charges flow, where one should expect to
see new exciting physics not influenced by charge flow.

Physics perspectives

As this Review shows, there have been many new and exciting
developments in the field of current-induced magnetization dynamics and spin pumping. The field continues to fascinate researchers
because the coupling between magnetization dynamics and outof-equilibrium current flow leads to rich physics where there are
unexplored aspects even in conventional (transition metal) ferromagnets and is unexplored in novel magnetic materials. Indicative
of the challenge in conventional ferromagnets is the relatively large
variation in the measured spin-transfer torque in permalloy, a very
important material for device applications. Creative, qualitative
new ways of direct measurements of the in- and out-of-plane torques are needed. Furthermore, developments in theory are needed
to make quantitative microscopic prediction of the spin torques.
The developments in spin-transfer torque and spin pumping have
led to four areas of ongoing research that are crucial to its exploitation in novel devices: spin–orbit-induced torques, magnetic insulators, antiferromagnets and electric-field-induced torques without
any currents.
Most theories of spin-transfer torques in layered systems ignore
spin–orbit coupling, an assumption that is probably not justified
in, for example, permalloy where the spin-memory loss length is
as short as 5–6 nm. Spin–orbit coupling is not only detrimental
to the spin-transfer torque because of spin memory loss, but also
enables transfer of orbital angular momentum to the collective
magnetization. Thus, an initially unpolarized current can induce
a torque on the magnetization even in magnetic homogenous systems; we expect this effect to be important in certain classes of
materials. This has recently been studied theoretically 86–89 and has
been experimentally seen in (Ga,Mn)As (ref. 90). The spin–orbit
interaction can be described in the form of an effective magnetic
field that depends on the electron orbital motion. In systems with
spatial inversion symmetry the spin–orbit-induced torque vanishes
to the lowest order in the spin–orbit interaction. Systems with broken spatial inversion symmetry are more interesting because they
exhibit a spin–orbit-induced torque and we believe this should
be investigated further, both theoretically and experimentally.
So far, the theorized forms of the spin–orbit-induced torque do
not compete with damping in the LLGS equation and cannot be
used to induce d.c.-current-driven magnetization precessions. An
extension of the understanding and measurements of spin–orbitinduced torques might allow d.c.-current-driven magnetic precessions in single homogenous ferromagnets. Spin–orbit-induced
torques should also exist in tunnel junctions, where both in-plane
and out-of-plane torques may be generated91.
Exploring spin-transfer torques and spin pumping in magnetic
materials that differ from conventional ferromagnets is today a very
dynamic area of the coupling between magnetization and current.
The groundbreaking experiments by Saitoh et al. on spin-transfer
torques and spin pumping in ferrimagnetic insulators open a new
playground78. This enables the study of spintronics devices where
there is spin current propagation and no charge flow. Another
benefit of these systems is that the magnetic insulator yttrium
iron garnet (YIG) has the lowest magnetization dissipation that is
known. This enables the transfer of spin current over macroscopic
distances (centimetres). We also anticipate that more exotic effects
of the quantum nature of the magnetic excitations can be explored
in these systems. Bose–Einstein condensation of magnons has been
achieved by parametric pumping in YIG (ref. 92) and we expect
to see electrical control of magnon Bose–Einstein condensation

NATURE MATERIALS | VOL 11 | MAY 2012 | www.nature.com/naturematerials

© 2012 Macmillan Publishers Limited. All rights reserved

377

REVIEW ARTICLES | INSIGHT
by spin transfer and spin pumping. For this to be possible, a
quantum understanding of spin transfer and spin pumping must
be further developed.
Theoretical93–96 and experimental97 work indicate that currentinduced torques also appear in antiferromagnets. Antiferromagnets
are ordered spin systems where the magnetic moments of all electrons in each unit cell compensate each other in equilibrium. They
also share another transport property with ferromagnets, namely,
the anisotropic magnetoresistance effect 98, which enables a detailed
experimental study of current-induced dynamics in antiferromagnets. Even more importantly, creating high-temperature antiferromagnetic semiconductors, where the carrier concentration is
tuned by doping and/or gate voltages99, seems feasible, whereas this
is not possible at present in ferromagnets. Because the sensitivity to
changes in gate voltages and magnetic fields in antiferromagnetic
semiconductors might offer new ways to manipulate spin information, exploring how antiferromagnets may be an alternative to
ferromagnets in antiferromagnetic spintronics is an increasingly
prominent focus in current-induced magnetization dynamics.
A promising avenue that we believe should be further explored
and used in the near future is the control of magnetization dynamics by electric fields without any currents. This can be viewed as an
internal generation of spin currents by electric fields. Apart from
beautiful studies on multiferroic materials, there is already ample
evidence that the anisotropy can be modulated by applying electric
fields to metal ferromagnets100. When the magnetization direction
is switched by electric field alone, the energy required for switching
can be smaller than the present current-induced switching 101–106.
This development is therefore important for the creation of devices
that requires magnetization switching.

Applications

Technology based on current-induced magnetization switching
and DW motion is under intense development. The industry’s
initial targets are high performance and density memory, particularly STT-MRAM and race-track memories. Another important
focus is on enhancing functionality and reducing energy use by
closely integrating semiconductor logic circuits with STT magnetic
memory. In all cases the MTJ is a central element that permits the
fast readout of memory and logic states. We discuss each of these
technologies below.

MRAM. Magnetization switching is one of the fundamental
processes that is used in modern technology such as hard-disk
drives and MRAM. MTJs are used as the storage device in commercially available MRAM, where magnetic fields are used to
write information as a direction of magnetization in one of the two
a
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electrodes of an MTJ. However, as a magnetic bit is reduced in size
its coercive field must be increased for the bit to remain stable in
the presence of thermal fluctuations. Thus the current required to
generate magnetic fields high enough for magnetization switching
increases as the dimension of the magnetic bit is reduced. In contrast, a current-induced torque provides a scalable means for the
switching, because spin-transfer torques present an efficient means
to switch very high anisotropy elements; the switching current
is expected to scale in direct proportion to the energy barrier to
magnetization reversal and not the bit dimension. This is important because it means that technologies based on spin transfer,
and not magnetic field induced by charge currents, become more
competitive as the magnetic bits continue to shrink. This is leading to the development of low-power non-volatile memory cells
based on current-induced STT and impressive demonstrations of
STT-MRAM devices integrated with CMOS have been reported.
A 4 kbit STT-MRAM with CoFe(B)–MgO MTJ was first reported
in 2005107 followed by demonstrations of 2 Mbit (ref. 108), 32 Mbit
(ref. 109) and 64 Mbit STT-RAM110. All these demos employ (001)
body-centred-cubic CoFe(B)–MgO (refs 27–30) MTJs to achieve
high magnetoresistance ratios along with STT switching 33–35.
Ensuring the scalability of MTJ is the key issue for making highdensity MRAM devices based on spin-transfer torques commercially attractive; the MTJ needs to be reduced along with the feature
size reduction in semiconductor integrated circuits, while keeping
a TMR ratio greater than 100%, good thermal stability of the magnetic storage element and low switching current. The thermal stability determined by Δ = E/kBT, where E is the energy barrier between
the P and AP states, kB is the Boltzmann constant and T = 300 K,
needs to be 60 or greater for long-term data retention depending on
the application. Because E is a product of the magnetic storage element’s anisotropy energy density K and volume V, this means that
higher K is required as the size of the MTJ is reduced to keep Δ > 60.
This has led to the use of thin films with strong perpendicular anisotropy and a geometry in which both electrodes of the MTJ are
magnetized perpendicular to the film plane (Fig. 6a). On the other
hand, the threshold current that needs to be reduced along with the
size of the device is proportional to the product of E and the Gilbert
damping constant α. This makes it necessary to continue to develop
a material having high K and low α. Currently a perpendicular MTJ
based on CoFeB–MgO shows, simultaneously, high TMR ratio
(>100%), low switching current (~50 μA) and Δ = 40 at a dimension
of 40 nm in diameter (ref. 111). The development of MTJ devices
with dimensions less than 20 nm is under way.
In MRAM applications, another key issue is switching speed.
In collinearly magnetized devices (either perpendicular- or inplane-magnetized MTJ elements), the initial current-induced spin

b
Free
layer

c
Reference layer
Free layer

Hard
layer
Domain wall

Polarizer

Figure 6 | Three different concepts for magnetic random access memories. a, Two-terminal collinear device. b, A device with three magnetic layers that
includes a perpendicular magnetized spin-polarizing layer, an in-plane magnetized free layer and reference layer. c, Three-terminal device. The devices are
integrated with CMOS select transistors as illustrated. In a and b short current pulses that flow perpendicular to the layer planes are used to change the
magnetic state of a free layer and write information. In c, an in-plane current is used to move a domain wall in a nanowire. In each case a magnetic tunnel
junction is used to read the magnetic state of the storage magnetic element.
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torque is zero (equation (2)), and thermal fluctuations or small
misalignments of the layer magnetizations are needed to initiate
the switching. This can lead to undesirable nanosecond incubation
delays112 and broad switching distributions113. For this reason, magnetic tunnel junction stacks with non-collinear magnetization are
also being intensely explored for MRAM applications114,115 as shown
in Fig. 6b. In this case, a perpendicularly magnetized polarizing
layer is combined with an in-plane magnetized MTJ. Geometries
that combine perpendicular magnetized MTJs and in-plane polarizers are also being explored.
There has also been great interest in realizing three-terminal
STT-MRAM bit cells in which there are separate read and write
contacts. This is very desirable because high current densities are
needed for writing and in two terminal devices (Fig. 6a,b) this can
lead to a breakdown of the MTJ. Also, reading the magnetic state
requires a current flow through the MTJ that in some instances
can change the magnetic state, events known as read disturbs. This
issue can be addressed by having separate read and write contacts,
a low impedance contact for writing and an MTJ for readout. In
Fig. 6c, current-induced DW motion is used to write data and the
DW position (left or right of the MTJ) is read out with a MTJ. A
disadvantage of this approach is that the bit cell is larger than that
of a two-terminal one. However, a vertical three-terminal STT
switch is also possible116.

Logic-in-memory integrated circuits. Because MTJs consist of
metals and insulators and do not use semiconductors, they can be
integrated in the interconnection layer above the semiconductor
transistor layer. This opens up an entirely new way of designing integrated circuits, employing a logic-in-memory architecture, where
non-volatile memories are distributed over the logic plane. With
this architecture, one can counter the recent dramatic increase in
dynamic as well as static power consumption and interconnection
delay, the two main obstacles that hinder the performance increase
of the present integrated circuits. In addition to being able to integrate with the interconnection, the required attributes of memories
for this purpose are non-volatility, high endurance, high speed, scalability and low-voltage operation; MTJ-based devices are currently
the only candidate that satisfies all of these criteria. The advantages
of this approach are; first, by employing non-volatile memory, one
can reduce the standby power because there is no need to supply
power when they are not in use. Second, by placing memories on
top of the logic plane, the interconnection delay between memory
and logic that constitutes the so-called von Neuman bottleneck
is greatly reduced. Third, circuits can be designed in such a way
that MTJs are part of the logic block, resulting in the reduction
of the number of transistors involved, which reduces the power
consumption as well as interconnection delay. Experimental circuit
blocks integrating MTJs or its three-terminal variant with CMOS
integrated circuits have been demonstrated117–119.
Racetrack memory. A high-density memory based on currentinduced DW motion coined as ‘racetrack memory’ has been proposed and developed. Here, DWs in nanowires are generated by
local magnetic fields, moved by current pulses, and read by sensors
such as MTJs120 (Fig. 7). Domain walls are shifted in a controlled
way in the same direction by spin-transfer torque generated from
short current pulses in the nanowire, making it possible to store
and retrieve information in nanowires. Because 10 to 100 DWs can
be stored in a single nanowire, three-dimensional integration of
racetrack memory is expected to offer a denser, faster, more robust
and less expensive mass storage that may replace current harddisk drives. A six-bit shift register has been reported using Co/Ni
nanowires with perpendicular anisotropy 121. A racetrack memory cell array with MTJ readout integrated with complementary
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Figure 7 | Schematic of racetrack memory. A write pulse on the left
produces magnetic fields to reverse the magnetization in the desired
direction. A shift pulse exerts spin-transfer torque and shifts all the domain
walls in the same direction. Reading is done with a magnetic tunnel
junction. Figure reproduced with permission from ref. 121, © 2011 IEEE.

metal–oxide–semiconductor (CMOS) circuitry has also been
demonstrated using permalloy nanowires122.

Spin logic. Novel, potentially high-performance and power-saving
logic schemes that process information with spins utilizing spintransfer torques have been proposed and assessed, to meet the
challenge of the CMOS scaling coming to an end using current technology. They range from spin-MOS transistors123 through magnetologic gates124,125 to spin-wave logics126. Spin-wave logic requires a
converter from spin wave to electrical signal and vice versa that can
be performed by spin-transfer torque78. Processing and storage of
information can be done using magnetic materials in various ways.
So far, however, no better electrical switch than CMOS has been
found. Whether one can do the entire logic operation with spinstate variables not relying on charge-based transistors or one needs
to combine CMOS technology and spin-based logic to realize future
systems is something that needs definite answers in the short term.
We expect current-induced torques to continue to be a very active
area of research and development, particularly given the near-term
commercial applications. There are also many fundamental issues as
to the microscopic origins of the torques, their magnitudes, directions and dependence on material parameters and geometries that
are just beginning to be explored.
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