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MP3: Spin-transfer and spin-orbit torques
�2

Brief review of concepts in spin-dependent transport 

Spin-transfer torques (CPP, CIP) and spin-orbit torques  
Slonczewski model, Zhang-Li model, spin Hall effect 

Effects of current-driven torques on spin waves 
Self-sustained oscillations, Doppler effect  

Effect of current-driven torques on soliton dynamics  
Domain wall propagation, vortex gyration
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Magnetism affects transport: GMR
�3

Giant magnetoresistance (GMR): Electrical resistance of a metallic magnetic 
multilayer that depends on the relative orientation of the constituent layer 
magnetisations

M Baibich et al, Phys Rev Lett 61, 2472 (1988)

G Binasch et al, Phys Rev B 39, 4828 (1989)


2007 Nobel Prize in Physics

Antiferromagnetically 
coupled layers

Current perpendicular-to-plane 
CPP

Current in-plane 
CIP

CIP GMR
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Two-channel model
�4

In metals, conduction processes occur at the Fermi surface


Assume spin-up and spin-down electrons propagate independently (OK if spin-
flip scattering is weak)


Assign a resistance to each spin channel (Mott)


In normal metals, spin-up and spin-down channels are equivalent

http://www.phys.ufl.edu/fermisurface/

4s 3d10 4s 3s2 3p

K Cu Al

Fermi surfaces of some nonmagnetic metals

R↑ = R↓

http://www.phys.ufl.edu/fermisurface/
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Two-channel model
�5

bcc Fe hcp Co

3d6 4s2 3d7 4s2

majority

minority

Topical Review

Figure 1 . Spin splitting of the density of states (ρ) in a ferromagnet
due to the exchange field.

from a ferromagnet to a paramagnet by tunnelling through
an insulator, this current is also polarized due directly to the
density of states asymmetry. FM elements may thus be used as
spin-polarized current sources in spin-electronic circuits. Most
spin-electronic phenomena are based on either one or both of
these asymmetries (whose common origin is the band structure
splitting) prevailing in the relevant physical system [1].

2.1. Spin asymmetry: density of states asymmetry versus
mobility asymmetry

In fact, the two asymmetries often compete with one another
in spin electronics. The Fermi surface in most FM materials
contains components which have both s- and d-character.
The s-like effective masses are small compared to the d-like
masses and so any current that flows is primarily mediated by
s-electrons. However, the d-electrons are significantly split by
the exchange interaction and as a result present very different
densities of states into which the s-electrons may be scattered.
Thus, from figure 1, the down s-channel (whose spin type has
a large d density of states at the Fermi energy) suffers the
most scattering and hence has lower mobility than the other
s-channel: this latter consequently carries most of the current.

Thus in a system with s- and d-like character at the Fermi
surface, the tendency is for the current to be carried by the
minority carriers (where ‘minority’ is taken to mean those
with the lower density of states at the Fermi energy, and this
convention will be used throughout this paper) whereas in a
half-metallic ferromagnet (see next section), the current may
only be carried by majority carriers. This conflict between the
two types of asymmetry is one reason why spin-tunnel devices
(section 6) have an advantage over their competitors since
they exploit only the density of states asymmetry; hence, the
mobility asymmetry has no chance to compete and reduce the
overall device performance. This has direct relevance to the
question of spin injection into semiconductors.

2.2. The half-metallic ferromagnet

In the extreme limit of spin asymmetry lies the half-metallic
ferromagnet [2] in which the band structure splitting is such
that only one spin channel has available states at the Fermi
surface and hence all current must be carried by these so-called
majority spins. Practical examples include chromium dioxide

Figure 2 . Schematics of the difference in the densities of states
between a ferromagnet and a half metallic ferromagnet.

Figure 3 . Illustration of the spin accumulation at the
ferromagnet/paramagnet interface.

(CrO2), lanthanum strontium manganite (La0 .7 Sr0 .3MnO3)
and some Heusler alloys. In reality, obtaining half-metallic
spin-electronic behaviour is fraught with problems mainly to
do with the interfaces. Conversely, some materials whose
bulk electrical conduction deploys both spin channels may,
due to hybridization, form half-metallic interfaces with other
materials.

2.3. Spin injection across an interface: spin accumulation

Now that we have considered the basic principles behind
the origin of spin asymmetry, we can briefly consider an
important phenomenon which lies at the heart of early spin-
electronic devices. Providing one carrier spin type is dominant
in the electrical transport of a ferromagnet, when a current
is passed from this ferromagnet to a PM metal such as
silver or aluminium, it brings with it a net injection of spin
angular momentum and hence also of magnetization [3]. The
magnetization which builds up in the new material is known
as a spin accumulation (figure 3). Its size is determined by the
equilibrium between the net spin-injection rate at the interface
and the spin-flipping rate in the body of the paramagnet. It
follows that the spin accumulation decays exponentially away
from the interface on a length scale called the ‘spin diffusion
length’.

R122

R↑ ̸= R↓

In ferromagnetic metals, this degeneracy is lifted due to exchange splitting


Spin-up and spin-down (majority/minority) resistances are different

Fermi surfaces of some ferromagnetic metals

http://www.phys.ufl.edu/fermisurface/

http://www.phys.ufl.edu/fermisurface/
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GMR with two-channel model
�6

P AP

Simple picture of giant magnetoresistance in terms of two-resistance model

RP ≠ RAP
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... But can transport affect magnetism?
�7

sd model (Vonsovsky-Zener):  
Exchange interaction between local magnetisation (M) and conduction electron spin (s)

Esd = �JsdM · s

mobile 4s electrons 
(conduction only)

localised 3d electrons 
(magnetism only)

�F

k�k�
Jsd

Torques on the magnetisation can arise from this coupling
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Single electron at N/F interface
�8

M D Stiles & A Zangwill,  
Phys Rev B 66, 014407 (2002)

M
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Because the bands in the ferromagnet are spin-split, there is a spin-dependent 
step potential at the interface

Exercise: Consider a free electron in the normal metal arriving at the normal metal (N)/
ferromagnet (F) interface. Solve 1D Schrödinger equation 

�F

k�k�
Jsd

Jsd
2

| i�i
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Spin currents
�9

Exercise: Calculate spin current through this interface. What is conserved?
↔

Q(r) = Re
∑

iσσ′

ψ∗

iσ(r) ŝ ⊗ v̂ ψiσ′(r)

M
x

y
z

Qin
zx

+ Qref
zx

= Qtr
zx

longitudinal spin current

M D Stiles & A Zangwill, Phys Rev B 66, 014407 (2002)

M

Qxx

Qyx

Qin
⊥x

+ Qref
⊥x

̸= Qtr
⊥x

transverse spin current

From conservation of spin angular momentum, argue that missing transverse 
spin current is transferred to ferromagnet M


@m

@t

�

STT

/ s?

Conserved NOT conserved
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Spin-transfer torques
�10

Express transverse spin component in terms of vector products

Typical realisations involve the CPP geometry where s is 
related to the magnetisation of a second (reference) layer

s? / (m⇥ s)⇥m


@m

@t

�

STT

/ (m⇥ s)⇥m

N F2 N

<100 nm

M

F1 F2 (<5 nm)

N NN

Conduction
electrons

Co Cu Co

Nanopillars Nanocontacts
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@M

@t
= ��0M⇥He↵ +

↵

Ms
M⇥ @M

@t
+ �je M⇥ (p⇥M)

Slonczewski model of CPP torques
�11

Accounting for transport properties, obtain Slonczewski term for spin-transfer torques

Damping Spin-transfer torque (Slonczewski)Precession

efficiency factor

N F2 N

<100 nm

M

F1 F2 (<5 nm)

N NN

Conduction
electrons

Co Cu Cop

d

Current density je 
with spin 

polarisation P

Current density matters, not currents. We did not observe STT before the advent of 
nanofabrication 

Need typical densities of 1012 A/m2 :  1 mA for 1000 nm2, 1 000 000 A for 1 mm2

� =
gµB

2e

1

M2
s d

P

je

J C Slonczewski, J Magn Magn Mater 159, L1 (1996)
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Consequences on precessional dynamics
�12

Nanopillar structure 
Cross-section 60 ×180 nm2

F J Albert et al, Phys Rev Lett 89, 226802 (2002)

Spin-transfer torques can reverse magnetisation reversal without magnetic fields

Basis of spin-torque magnetic random access memories STT-(M)RAM

Samsung 
28nm pMTJ 
STT-RAM

Everspin
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Current-in-plane (CIP) torques
�13

Spin-transfer torques also occur in continuous systems in which 
there are gradients in the magnetisation


Important for micromagnetic states like domain walls, vortices


Torques are governed by how well the conduction electron spin 
tracks the local magnetisation


Like CPP case, spin transfer involves the absorption of 
transverse component of spin current

e–

M

s

Adiabatic Nonadiabatic

Conduction electron spin 
precesses about sd field

Conduction electron spin 
relaxes toward sd field
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Zhang-Li model of CIP torques
�14

In the drift-diffusion limit (not detailed here), Zhang and Li derived

�M
�t
= ��0M �He� +

�

Ms
M � �M

�t
+ TCIP

TCIP = �
bJ

µ0M2
s

M � �M � (je · �) M
� � cJ

µ0Ms
M � (je · �) M

adiabatic nonadiabatic

bJ =
PµB

eMs(1 + �2)
cJ =

PµB�

eMs(1 + �2)

� =
�ex

�s f
�s f � 10�12 s �ex � 10�15 s

S Zhang & Z Li 
 Phys Rev Lett 93, 127204 (2004)

In this model, nonadiabaticity is a ratio between sd-exchange and spin flip time scales

P: spin polarisation

Many other theories have been proposed to describe this parameter
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Re-interpreting Zhang-Li
�15

By recognising that the pre-factors in the CIP torques and the current density je 
can be expressed in terms of an effective spin-drift velocity u

u = P
gµB

2e
1

Ms
je = P

�

2e
1

Ms
je [u] = m/s

the equations of motion for the magnetisation M can be written as

dM

dt
= ��0M⇥He↵ +

↵

Ms
M⇥ dM

dt
� (u ·r)M+

�

Ms
M⇥ [(u ·r)M]

✓
@

@t
+ u ·r

◆
M = ��0M⇥He↵ +

↵

Ms
M⇥

✓
@

@t
+

�

↵
u ·r

◆
M

A Thiaville et al, Europhys Lett 69, 990 (2005)

adiabatic nonadiabaticprecession damping

Rearranging into a more suggestive form:

Convective 
derivative
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Convective derivatives
�16

D

Dt
=

@

@t
+ (u ·r)

dV

⇢(t)

⇢(t+ �t)

Time

Particle density

@⇢

@t
(u ·r)⇢

flow velocity u

Consider time evolution of an element dV of a fluid


Convective derivative D accounts for local variations and particle flow
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Analogy with fluid dynamics?
�17

This form can almost be obtained by replacing the time derivative of the usual 
Landau-Lifshitz equation

with the convective derivative

It almost works except for the β/α term. u therefore represents the average drift 
velocity of the magnetisation (under applied currents), which for ferromagnetic 
metals makes some sense.

No consensus (theoretically and experimentally) over the ratio β/α, which can vary 
between 0.1 and 10

✓
@

@t
+ u ·r

◆
M = ��0M⇥He↵ +

↵

Ms
M⇥

✓
@

@t
+

�

↵
u ·r

◆
M

@

@t
!

✓
@

@t
+ u ·r

◆

@M

@t
= ��0M⇥He↵ +

↵

Ms
M⇥ @M

@t
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Spin-orbit coupling
�18

In magnetic multilayered structures, metallic ferromagnets in contact with 5d 
transition metals (“heavy metals”) exhibit strong effects due to spin-orbit coupling

3d ferromagnets

5d heavy 
metals
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Spin-orbit coupling
�19

Examples: 


Pt/Co (0.4 - 1 nm) /AlOx


Ta/CoFeB (1 nm)/MgO


Pt/[Co (0.4 nm)/Ni (0.6 nm)]n


Such multilayers are interesting for applications because they possess a strong 
anisotropy perpendicular to the film plane


Such multilayers also lack inversion symmetry, which gives rise to a class of spin-
orbit interactions seen in two-dimensional systems, e.g. Rashba interaction

Wave vector dependent 
effective Rashba field Rashba Hamiltonian
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Spin-orbit torques
�20

Such spin-orbit effects due to the heavy metal (HM) give rise to spin-orbit torques 
on the ferromagnet (FM)

Spin Hall effect Rashba torques
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TSH = �SHje M⇥ (ŷ ⇥M)

�21

Spin-orbit torques

Torques due to the spin Hall effect can be described using the Slonczewski form

Torques due to the Rashba effect can be assimilated to an effective field

�SH =
gµB

2e

1

M2
s d

✓SH

x

y

z

efficiency spin Hall angle

TR = ��0M⇥ (HR ŷ)
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Spin-orbit torques with topological insulators?
�22

Another class of materials exhibiting strong spin-orbit coupling are topological 
insulators


Unique materials in which bulk is insulating but surfaces have momentum-locked 
spin currents

LETTER
doi:10.1038/nature13534

Spin-transfer torque generated by a topological
insulator
A. R. Mellnik1, J. S. Lee2, A. Richardella2, J. L. Grab1, P. J. Mintun1, M. H. Fischer1,3, A. Vaezi1, A. Manchon4, E.-A. Kim1, N. Samarth2

& D. C. Ralph1,5

Magnetic devices are a leading contender for the implementation of
memory and logic technologies that are non-volatile, that can scale
to high density and high speed, and that do not wear out. However,
widespread application of magnetic memory and logic devices will
require the development of efficient mechanisms for reorienting their
magnetization using the least possible current and power1. There has
been considerable recent progress in this effort; in particular, it has
been discovered that spin–orbit interactions in heavy-metal/ferro-
magnet bilayers can produce strong current-driven torques on the
magnetic layer2–11, via the spin Hall effect12,13 in the heavy metal or
the Rashba–Edelstein effect14,15 in the ferromagnet. In the search for
materials to provide even more efficient spin–orbit-induced torques,
some proposals16–19 have suggested topological insulators20,21, which
possess a surface state in which the effects of spin–orbit coupling are
maximal in the sense that an electron’s spin orientation is fixed relative
to its propagation direction. Here we report experiments showing that
charge current flowing in-plane in a thin film of the topological insu-
lator bismuth selenide (Bi2Se3) at room temperature can indeed exert
a strong spin-transfer torque on an adjacent ferromagnetic permalloy
(Ni81Fe19) thin film, with a direction consistent with that expected from
the topological surface state. We find that the strength of the torque per
unit charge current density in Bi2Se3 is greater than for any source of
spin-transfer torque measured so far, even for non-ideal topological
insulator films in which the surface states coexist with bulk conduction.
Our data suggest that topological insulators could enable very efficient
electrical manipulation of magnetic materials at room temperature, for
memory and logic applications.

The proposed mechanism16–19 that motivates our study of topological
insulators as sources of current-induced spin-transfer torque is illustrated
in Fig. 1a. When an in-plane current flows in the surface state of a topo-
logical insulator, more forward-going electron states are occupied than are
backward-going states and, because of the helical locking of the relative
orientations of the spin and the momentum in the surface state, this neces-
sarily means that the flow of charge is accompanied by a non-equilibrium
surface spin accumulation with the spin moment in the {x̂ direction as
depicted in Fig. 1a (a caret denotes a unit vector). If this spin accumulation
couples to an adjacent magnetic film, the resulting flow of spin angular
momentum will exert a spin-transfer torque on the magnet. We note that
this mechanism is not related to any physics near the Dirac point of the
topological insulator, which might be disrupted by coupling to a ferro-
magnet, and does not depend on having zero bulk conductivity within
the topological insulator. This torque is related to the Rashba–Edelstein
effect in non-topological materials14. However, the helical spin/momentum
locking of the topological insulator surface state produces a different
sign and a much larger magnitude of spin accumulation than is pro-
duced in non-topological materials (Methods).

Our samples are bilayers consisting of 8 nm of Bi2Se3 and 8 or 16 nm
of permalloy, with an oxidized aluminium cap to prevent oxidation of the
permalloy surface, patterned into strips 10–80mm long and 2.5–24mm
wide. The Bi2Se3 is grown by molecular-beam epitaxy and the permalloy

is grown by sputtering (Methods). This sample geometry is actually not
ideal for measuring torque due to current flow within the Bi2Se3, because
the average resistivity of the Bi2Se3 is 25 or more times that of the metallic
permalloy, such that the great majority of the current is shunted through
the permalloy and does not contribute to the torque. Nevertheless, the
torque from the Bi2Se3 is still strong enough to be measured accurately.

We determine the strength of current-induced torque by using a spin
torque ferromagnetic resonance (ST-FMR) technique developed prev-
iously to measure the spin Hall torque from heavy metals4,5. Using the
circuit shown in Fig. 1c, we apply a current of fixed microwave frequency
and sweep an in-plane magnetic field through the ferromagnetic resonance
condition. The oscillating current-induced torque causes the permalloy
magnetization to precess, yielding resistance oscillations due to the aniso-
tropic magnetoresistance (AMR) of the permalloy. We measure the res-
onance line shape using a direct voltage Vmix, which results from mixing
between the applied alternating current and the oscillating resistance. The
two vector components of the current-induced torque, in the m̂|(x̂|m̂)
(E, in-plane) and x̂|m̂ (\, perpendicular) directions (Fig. 1b), are
respectively obtained from the amplitudes of the symmetric and anti-
symmetric components of the resonance line shape (Methods).

1Cornell University, Ithaca, New York 14853, USA. 2Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802, USA. 3Weizmann Institute of Science, Rehovot 76100,
Israel. 4King Abdullah University of Science and Technology, Physical Sciences and Engineering Division, Thuwal 23955-6900, Saudi Arabia. 5Kavli Institute at Cornell, Ithaca, New York 14853, USA.
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Figure 1 | The mechanism of current-induced spin accumulation in
topological insulators and the sample geometry used in the measurement.
a, Illustration of the mechanism by which an in-plane current in a topological
insulator surface state generates a non-equilibrium surface spin accumulation,
on account of locking between the spin direction and wavevector for electrons
in the surface state. The arrows denote the directions of spin magnetic
moments, which are opposite to the corresponding spin angular momenta
because the g factor of the electron is negative. For simplicity, the spins in this
cartoon are depicted in the sample plane, although some canting out of plane is
expected. b, Schematic diagram of the layer structure and coordinate system.
The yellow and red arrows denote spin moment directions. Py, permalloy.
c, Depiction of the circuit used for the ST-FMR measurement and the sample
contact geometry.
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Spin-transfer torque generated by a topological
insulator
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& D. C. Ralph1,5
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memory and logic technologies that are non-volatile, that can scale
to high density and high speed, and that do not wear out. However,
widespread application of magnetic memory and logic devices will
require the development of efficient mechanisms for reorienting their
magnetization using the least possible current and power1. There has
been considerable recent progress in this effort; in particular, it has
been discovered that spin–orbit interactions in heavy-metal/ferro-
magnet bilayers can produce strong current-driven torques on the
magnetic layer2–11, via the spin Hall effect12,13 in the heavy metal or
the Rashba–Edelstein effect14,15 in the ferromagnet. In the search for
materials to provide even more efficient spin–orbit-induced torques,
some proposals16–19 have suggested topological insulators20,21, which
possess a surface state in which the effects of spin–orbit coupling are
maximal in the sense that an electron’s spin orientation is fixed relative
to its propagation direction. Here we report experiments showing that
charge current flowing in-plane in a thin film of the topological insu-
lator bismuth selenide (Bi2Se3) at room temperature can indeed exert
a strong spin-transfer torque on an adjacent ferromagnetic permalloy
(Ni81Fe19) thin film, with a direction consistent with that expected from
the topological surface state. We find that the strength of the torque per
unit charge current density in Bi2Se3 is greater than for any source of
spin-transfer torque measured so far, even for non-ideal topological
insulator films in which the surface states coexist with bulk conduction.
Our data suggest that topological insulators could enable very efficient
electrical manipulation of magnetic materials at room temperature, for
memory and logic applications.

The proposed mechanism16–19 that motivates our study of topological
insulators as sources of current-induced spin-transfer torque is illustrated
in Fig. 1a. When an in-plane current flows in the surface state of a topo-
logical insulator, more forward-going electron states are occupied than are
backward-going states and, because of the helical locking of the relative
orientations of the spin and the momentum in the surface state, this neces-
sarily means that the flow of charge is accompanied by a non-equilibrium
surface spin accumulation with the spin moment in the {x̂ direction as
depicted in Fig. 1a (a caret denotes a unit vector). If this spin accumulation
couples to an adjacent magnetic film, the resulting flow of spin angular
momentum will exert a spin-transfer torque on the magnet. We note that
this mechanism is not related to any physics near the Dirac point of the
topological insulator, which might be disrupted by coupling to a ferro-
magnet, and does not depend on having zero bulk conductivity within
the topological insulator. This torque is related to the Rashba–Edelstein
effect in non-topological materials14. However, the helical spin/momentum
locking of the topological insulator surface state produces a different
sign and a much larger magnitude of spin accumulation than is pro-
duced in non-topological materials (Methods).

Our samples are bilayers consisting of 8 nm of Bi2Se3 and 8 or 16 nm
of permalloy, with an oxidized aluminium cap to prevent oxidation of the
permalloy surface, patterned into strips 10–80mm long and 2.5–24mm
wide. The Bi2Se3 is grown by molecular-beam epitaxy and the permalloy

is grown by sputtering (Methods). This sample geometry is actually not
ideal for measuring torque due to current flow within the Bi2Se3, because
the average resistivity of the Bi2Se3 is 25 or more times that of the metallic
permalloy, such that the great majority of the current is shunted through
the permalloy and does not contribute to the torque. Nevertheless, the
torque from the Bi2Se3 is still strong enough to be measured accurately.

We determine the strength of current-induced torque by using a spin
torque ferromagnetic resonance (ST-FMR) technique developed prev-
iously to measure the spin Hall torque from heavy metals4,5. Using the
circuit shown in Fig. 1c, we apply a current of fixed microwave frequency
and sweep an in-plane magnetic field through the ferromagnetic resonance
condition. The oscillating current-induced torque causes the permalloy
magnetization to precess, yielding resistance oscillations due to the aniso-
tropic magnetoresistance (AMR) of the permalloy. We measure the res-
onance line shape using a direct voltage Vmix, which results from mixing
between the applied alternating current and the oscillating resistance. The
two vector components of the current-induced torque, in the m̂|(x̂|m̂)
(E, in-plane) and x̂|m̂ (\, perpendicular) directions (Fig. 1b), are
respectively obtained from the amplitudes of the symmetric and anti-
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1Cornell University, Ithaca, New York 14853, USA. 2Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802, USA. 3Weizmann Institute of Science, Rehovot 76100,
Israel. 4King Abdullah University of Science and Technology, Physical Sciences and Engineering Division, Thuwal 23955-6900, Saudi Arabia. 5Kavli Institute at Cornell, Ithaca, New York 14853, USA.

IRF

Bext

τ┴

H RF
Py

Bi2 Se
3

ϕ

e –

yx

z

kx

ky

Fermi surface
for E = 0

Shifted Fermi
surface for

E ≠ 0

Net spin   
accumulation

x

y

a

60 μm 

S

V

repeewS Bias tee

b

c
ˆ

ˆ

ˆ

ˆˆ

τ||

Figure 1 | The mechanism of current-induced spin accumulation in
topological insulators and the sample geometry used in the measurement.
a, Illustration of the mechanism by which an in-plane current in a topological
insulator surface state generates a non-equilibrium surface spin accumulation,
on account of locking between the spin direction and wavevector for electrons
in the surface state. The arrows denote the directions of spin magnetic
moments, which are opposite to the corresponding spin angular momenta
because the g factor of the electron is negative. For simplicity, the spins in this
cartoon are depicted in the sample plane, although some canting out of plane is
expected. b, Schematic diagram of the layer structure and coordinate system.
The yellow and red arrows denote spin moment directions. Py, permalloy.
c, Depiction of the circuit used for the ST-FMR measurement and the sample
contact geometry.
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Figure 2a shows the results of the ST-FMR measurement for a 50mm
3 15mm, 8 nm Bi2Se3/16 nm permalloy device with an in-plane mag-
netic field oriented at Q 5 45u relative to the current. The quality of the
theoretical fit (to equation (1); see Methods) is excellent, and from the fit
we determine that the oscillating torque per unit moment on the perm-
alloy induced by the in-plane current has the components tE 5 (2.7 6
0.3) 3 1025 T and t\ 5 (3.7 6 0.4) 3 1025 T. The dependence on Q of
both the symmetric and the antisymmetric components of Vmix is to good
accuracy Vmix! cos (Q)2sin(Q) (Fig. 2b). This is as expected for the ST-
FMR signal (equation (1)), because the AMR resistance (R) satisfies
dR=dQ! cos (Q)sin(Q) and the spin-transfer torques arising from spin
accumulation should give tE,t\! cos (Q).

For comparisons with first-principles calculations, the quantities of
primary interest are the effective spin current conductivities22, sS,i:JS,i=
E~tiMstmag=½E cos (Q)", where JS,i is the i component (E or\) of the spin
current density absorbed by the ferromagnet for Q 5 0u, E is the amplitude
of the electric field, and Mstmag is the product of the saturation magnet-
ization and the thickness of the magnetic layer. For the measurement in
Fig. 2a, the microwave field is E 5 (0.8 6 0.1 V)/(50mm) and Mstmag 5
14.2 mA, as determined from vibrating-sample magnetometry on test films.
Averaging over multiple devices with 8 nm Bi2Se3 and 16 nm permalloy, at
frequencies of 6–10 GHz, we find that sS,E 5 (1.160.2)3105B/2eV21 m21

and sS,\ 5 (1.460.2)3105B/2e V21 m21. Performing the same measure-
ment on 8 nm Bi2Se3/8 nm permalloy devices, we find sS,E 5 (2.06 0.4)
3105B/2e V21 m21 and sS,\ 5 (1.6 6 0.2) 3 105B/2e V21 m21. These
values are comparable to the spin current conductivities for the most
efficient spin current sources known previously, namely heavy metals
which generate current-induced spin currents by the spin Hall effect4,5,23,24

(Table 1). Because the electrical conductivities of the heavy metals are
much greater than that of Bi2Se3, this is a first indication that the strength
of spin-transfer torque per unit current is greater in Bi2Se3 (see below).
There is some potential uncertainty in our determination of sS,E, in that
pumping of spins from the precessing ferromagnet into the Bi2Se3, together
with the inverse Edelstein effect, could produce an additional contribution
to the symmetric ST-FMR signal that is not accounted for in our analysis.
However, for this to affect our measurements appreciably would require a
value of sS,E

!! !! as large as or larger than that which we determine from the
ST-FMR analysis (Methods). Therefore, the presence of a spin-pumping
contribution would not change our central conclusion that Bi2Se3 pro-
vides very large values of sS,E and sS,\.

The sign we measure for sS,E is consistent with expectations for spin
transfer from the current-induced spin accumulation in the Bi2Se3 topo-
logical insulator surface state with a chemical potential above the Dirac

point, that is, the sign corresponds to accumulation of spin angular
momentum in the direction {ẑ|k̂, where ẑ is the surface unit normal
and k̂ is the electron wavevector direction25,26, or spin moment in the
direction ẑ|k̂ (Fig. 1). The sign of sS,\ is the same as that of the torque
due to an Oersted field, but the magnitude is much larger (see below).

An independent determination confirming the value of sS,\ can be
obtained by measuring the current-induced shift in the ST-FMR resonant
field (Extended Data Fig. 1 and Methods). Current-induced changes in
the ST-FMR resonance width have been used previously as an alternative
way of measuring sS,E (refs 2, 4), but we find that this is not possible in our
samples because the resonance width is not a linear function of frequency
(Extended Data Fig. 2 and Methods).

For applications, the figure of merit of primary interest is generally the
‘spintorque ratio’hE, that is, the strengthof the in-plane componentof torque
per unit applied charge current density J in the spin current source material
(hE:(2e=B)JS,E=J~(2e=B)sS,E=s, where s is the charge conductivity in
the spin current source material), because this quantity fundamentally
determines the current needed for efficient magnetic manipulation5,6,10,11.
Unlike sS,E and sS,\, which depend directly on the electric field, deter-
mining hE requires knowing the average value of s in Bi2Se3 when it is in
contact with the permalloy. This is hard to determine because the addition
of the permalloy to Bi2Se3 causes band bending in the Bi2Se3 that increases
s relative to its value in Bi2Se3 in isolation26–28. To mimic the band-bending
effects of the permalloy, we have measured test samples of Bi2Se3 with an
insulating Al2Ox cap—made by depositing 2 nm of Al and oxidizing in a
dry O2–N2 mixture—that also increase the chemical potential. For 8 nm of
Bi2Se3 capped with Al2Ox, we find at room temperature (22 uC) an average
two-dimensional charge density of 9.4 3 1013 cm22 by Hall measure-
ments, and an average conductivity of 5.73 104V21 m21. Angle-resolved
photoemission spectroscopy has been used to measure the band bending of
Bi2Se3 when coupled to various metals, including Ni and Rb (ref. 28). The
band bending due to Rb was stronger than that due to Ni, and corre-
sponded to a maximal doping of 5 3 1013 cm22. We therefore make the
rough estimate that our permalloy (Ni81Fe19) should increase the aver-
age conductivity of the Bi2Se3 by no more than the value we measure for
the Al2Ox cap. This yields a lower bound of hE $ 3.5 based on 8 nm per-
malloy devices (16 nm permalloy devices give a lower bound of hE $ 2.0).
This is the largest spin torque ratio measured for any spin source material
so far (Table 1). Control experiments on permalloy layers without Bi2Se3
and permalloy–Pt bilayers yield much smaller valuesofhE andh\ (Extended
Data Fig. 3 and Methods).

The value that we determine for the out-of-plane spin current con-
ductivity, sS,\ < 1.5 3 105B/2eV21 m21, is much larger than can be ex-
plained by the Oersted field. Given our estimates of s for Bi2Se3 after band
bending by the permalloy, the out-of-plane spin current conductivity that
would be generated by the Oersted field alone is just s\,Oe < 6.1 3 103B/
2e V21 m21 for the 8 nm permalloy samples and s\,Oe < 1.2 3 104B/
2e V21 m21 for the 16 nm permalloy samples, smaller by factors of 23
and 13, respectively, than our measurements.

Our findings are in excellent agreement with a model of non-equilibrium
spin accumulation near the Bi2Se3 surface and its diffusion into the perm-
alloy layer (Extended Data Figs 4 and 5 and Methods). This model predicts
correctly the signs of both sS,E and sS,\; torque due to the Rashba–Edelstein
effect from non-topological interface states would give opposite signs.
Furthermore, our model predicts, in agreement with the experiment,
that the magnitude of sS,\ driven by the topological insulator surface
state should have a magnitude comparable to that of sS,E and much
larger than that produced by an Oersted field.
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Figure 2 | ST-FMR measurements of the current-induced torque, with fits.
a, Measured ST-FMR resonance at room temperature with microwave
frequency v/2p5 8 GHz for an 8 nm Bi2Se3/16 nm permalloy sample of
dimensions 50mm 3 15mm. A fixed microwave power of 5 dBm is absorbed by
the device (IRF 5 7.7 6 1.1 mA) and Bext is oriented at an angle Q 5 45u from
the current direction. The lines are fits to equation (1) (Methods) showing the
symmetric and antisymmetric resonance components. b, Measured
dependence on the magnetic field angle Q for the symmetric and antisymmetric
resonance components for a different sample (8 nm Bi2Se3/16 nm permalloy
device of dimensions 80mm 3 24mm). Experimental conditions in b are as
follows: v/2p5 9 GHz, power absorbed 5 6.9 dBm. Error bars, 1 s.d.

Table 1 | Comparison of room-temperature ss,I and hs,I for Bi2 Se3
with other materials
Parameter Bi2Se3

(this work)
Pt

(ref. 4)
b-Ta

(ref. 6)
Cu(Bi)

(ref. 23)
b-W

(ref. 24)

hE 2.0–3.5 0.08 0.15 0.24 0.3
sS ,E 1.1–2.0 3.4 0.8 — 1.8

hE is dimensionless and the units for sS ,E are 105B/2e V21 m21.
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Many open 
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Spin waves: Effects of CPP torques
�23

Q: How do spin torques influence spin waves? 
A: Depends very much on the spin polarisation vector p

One possibility is the excitation of incoherent spin waves

LETTERS
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already indicated that non-uniform dynamics of magnetization12 
and chaotic behaviour13 can be caused by STT. Here we show that 
spatiotemporal incoherence in the magnetic dynamics induced by 
STT can naturally explain the experimental results above.

Figure 1a shows a calculated contour of normalized 
magnetoresistance, ΔR/Rmax = (Rav – Rparallel)/(Rantiparallel – Rparallel), 
where Rav is proportional to the average magnetization component 
along the long axis of the sample (elliptical shape, ~130 nm by 
70 nm). In the precession region, Rav is obtained from the time 
average of the resistance variations over 100 ns. Figure 1a shows 
good semi-quantitative agreement with Fig. 2a of ref. 3 along the 
current axis. In particular, it reproduces the ‘mysterious’ region 
labelled W in the stability phase diagram. However, the agreement 
between our calculations and the experiments is not perfect in the 
position of the boundary between switching and precession (~Hc, 
coercivity). The difference may originate from underestimated 
anisotropy fi elds in the simulation, and possible deviations of the 
sample size from the nominal one in experiments. FMM reveals that 

the W region corresponds to formation and annihilation of dynamic 
vortices through the interplay of the large current-induced fi eld and 
spin-torque. Figure 1b shows the very large temporal variation of 
the normalized modulus of the magnetic moment of the sample. 
The moment remains close to zero when the vortex forms, in the 
intervals labelled V, and from time to time rises to near unity when 
the vortex annihilates.

In the switching region, the single domain model (SDM) 
shows that STT excites coherent precession modes that eventually 
lead to magnetization switching (Fig. 2a). However, more complex 
dynamics are observed in FMM. Before switching, three consecutive 
stages showing quite different magnetization motions can be 
distinguished: growth of the precessing end domains (stage I); steady 
precession of the end domains (stage II); and chaotic domain motion 
(stage III). Just after the current is turned on, the magnetizations at 
the two long edges of the cell start precessing (stage I, Fig. 2b and 
c). Incoherent spin-waves are fi rst excited at the edges of the long 
axis because of spatially non-uniform local demagnetizing fi elds. 
The difference in local fi elds between the cell centre and the edges 
is about 3 kOe. The precessing end domains become broader and 
broader with time. At this stage, the resistance oscillations are 
slightly asymmetric because of clockwise current-induced fi elds. 
Once the end domains have almost joined each other, they continue 
precessing for a while (stage II, Fig. 2d and e). The magnetizations 
at the cell centre remain along the initial direction, because the local 
torque from either magnetic fi eld or spin-current is still too weak. 
At the beginning of stage III, magnetizations at the cell centre start 
precessing. A growing spatial incoherency in precession frequency 
and magnetization orientation is then observed. Consequently, the 
domain motion becomes chaotic (stage III, Fig. 2f and g), and fi nally 
the magnetization switches.

Figure 3a shows a contour plot of the microwave power 
divided by the square of the current (I2) obtained in FMM. 
Interestingly, we could almost duplicate the small-angle FMR 
frequencies of ref. 3 (Fig. 3b). Thus, by properly taking into account 
the incoherent spin-waves, the experimental FMR frequencies 
can be reproduced without having to use an artifi cially reduced 
value of 4πMs for cobalt in Kittel’s formula14 established within 
SDM. FMM shows that coherent precession of the magnetization 
is observed in a narrow range of current that weakly depends on 
the magnetic fi eld between 0.3 and 2 kOe. This current range has a 
lower limit of Ic ≈ 1.6 mA, which characterizes the onset of small-
angle magnetization precession, and an upper limit of IT ≈ 2.0 mA, 
associated with the onset of incoherence in the excitations (Fig. 3c). 
It broadens with decreasing size of the nanomagnet and/or ratio 
of magnetostatic to exchange energy, because the incoherence is 
a consequence of the competition between magnetostatic and 
exchange energy. If we now consider the large-amplitude excitations, 
in SDM, large-amplitude precession modes are expected in a broad 
range of currents and fi elds5. In FMM, however, relatively large-
amplitude dynamics are obtained within a limited range of current 
and fi eld (red and yellow region in Fig. 3a). The microwave spectrum 
at point A (I = 3 mA) on line 2 in Fig. 3a corresponds to a small-
angle precession with an average angle of 6°. Besides a relatively 
broad peak centred around 13 GHz, it shows a large low-frequency 
response, resembling 1/f noise, because of the chaotic nature of the 
incoherent spin-wave excitation as mentioned above (see Fig. 3d). 
At point B in Fig. 3a (I = 7 mA) where the maximum power is 
obtained, the spectrum shows the largest peak at a relatively low 
frequency (about 1 GHz). Note that the spectrum at point B is 
multiplied by a factor of 0.2. However, compared with the spectrum 
derived from SDM (Fig. 3d, inset), the largest peak is much smaller 
and broader. The integrated power over 0.1–30 GHz in FMM is only 
58% of that in SDM. Further increase in the current introduces even 
more incoherence in the spin-wave excitation. Transient unstable 

No
rm

al
is

ed
 re

si
st

an
ce

1.0

0.8

0.6

0.4

0.2

0.0

Stage l Stage ll Stage lll

SDM

FMM

Time (ns)
0 1 2 3 4 5

a

b c

d e

f g

–1 10

Mx

Figure 2 Magnetization switching due to spin-transfer torque. a, Resistance 
variations versus time at I = 4 mA and H = 0 Oe. b–g, Magnetic domain patterns of 
FMM at each time stage. Stage I: b, 0.20 ns and c, 0.30 ns. Stage II: d, 1.5 ns, and 
e, 1.55 ns. Stage III: f, 3.2 ns and g, 4.3 ns.

nmat1237-print.indd   878nmat1237-print.indd   878 10/11/04   10:34:56 am10/11/04   10:34:56 am

©  2004 Nature  Publishing Group

©  2004 Nature  Publishing Group

LETTERS

nature materials | VOL 3 | DECEMBER 2004 | www.nature.com/naturematerials 877

Excitations of incoherent spin-waves due to 
spin-transfer torque
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The possibility of exciting microwave oscillations in a 
nanomagnet by a spin-polarized current, as predicted by 
Slonczewski1 and Berger2, has recently been demonstrated3. 

Th is observation opens important prospects of applications 
in radiofrequency components. However, some unresolved 
inconsistencies are found when interpreting the magnetization 
dynamics within the coherent spin-torque model4–6. In some 
cases, the telegraph noise caused by spin-currents could not be 
quantitatively described by that model. Th is has led to controversy 
about the need for an eff ective magnetic temperature model7–11. 
Here we interpret the experimental results of Kiselev et al.3 using 
micromagnetic simulations. We point out the key role played 
by incoherent spin-wave excitation due to spin-transfer torque. 
Th e incoherence is caused by spatial inhomogeneities in local 
fi elds generating distributions of local precession frequencies. 
We observe telegraph noise with gigahertz frequencies at zero 
temperature. Th is is a consequence of the chaotic dynamics 
and is associated with transitions between attraction wells in 
phase space.

In the interpretation of the experimental results of ref. 3 within 
the coherent spin-torque model (CSM), three puzzling results are 
obtained. First, there is a region in the experimental phase diagram 
that cannot be explained within CSM (labelled W in ref. 3). 
Second, a low value is obtained for the effective magnetization, Meff: 
4πMeff = 0.68 T, instead of the well-known value for cobalt (~1.5 T) 
required to fi t the small-amplitude ferromagnetic resonance (FMR) 
frequency. Third, broad spectra with multiple peaks are obtained 
(for example, point 5 in Fig. 2d of ref. 3). A full micromagnetic 
model (FMM) including a term for spin-transfer torque (STT) has 
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Compensating relaxation processes
�24

Certain spin polarisation orientations can lead to self-sustained oscillations


Consider alternate form of Landau-Lifshitz equation with spin torques:

Precession Damping Spin torques

If p is collinear (on average) with Heff, spin torques can either increase or decrease 
the damping depending on the sign of je

�k
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Compensating relaxation processes
�25

Certain spin polarisation orientations can lead to self-sustained oscillations


Consider alternate form of Landau-Lifshitz equation with spin torques:

Precession Damping Spin torques

For sufficiently large currents, the spin torques can overcome the damping entirely

equilibrium

k = 0 k x 0

Relaxation Spin transfer

dM

dt
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dc

dt
= �i!c� �c+ �je(1� |c|2)c

Self-sustained oscillations
�26

From spin wave theory, we can derive an oscillator model with spin torque dynamics


Let c(t) represent a complex spin wave (oscillator) amplitude 

Precession

Damping

Spin torques

Re(c)

Im(c)

c ' mx + imy

A N Slavin & P Kabos 
IEEE Trans Magn 41, 1264 (2005)
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(Hopf bifurcation)
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Spin-torque oscillators
�27

Self-sustained magnetisation oscillations observed in nanopillar and nanocontact 
geometries


Oscillation frequencies are tunable with field and current
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Spin waves: Effects of CIP torques
�28

In-plane currents can also lead to interesting effects involving spin waves


Recall that spin torques due to CIP currents can be described by
✓

@
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+ u ·r
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From our plane wave solution for spin waves, 

mx,y(�r, t) = mx0,y0 ei(�k·�r��t)

we can immediately deduce the effect of CIP spin torques on the spin wave 
frequency,

! + u · k = !k ! = !k � u · k

The CIP torques appear as a Doppler shift in the spin wave frequency
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interaction data from two evolutionarily distant
species. Our data strongly support the idea that
functional modules are highly conserved, but the
wiring between them can differ substantially.
Thus, the use of model systems to make infer-
ences about biological network topology may be
more successful for describing modules than for
describing the cross talk between them.
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Current-Induced Spin-Wave
Doppler Shift
Vincent Vlaminck and Matthieu Bailleul

Spin transfer appears to be a promising tool for improving spintronics devices. Experiments
that quantitatively access the magnitude of the spin transfer are required for a fundamental
understanding of this phenomenon. By inductively measuring spin waves propagating along a
permalloy strip subjected to a large electrical current, we observed a current-induced spin wave
Doppler shift that we relate to the adiabatic spin transfer torque. Because spin waves provide a
well-defined system for performing spin transfer, we anticipate that they could be used as an
accurate probe of spin-polarized transport in various itinerant ferromagnets.

Spin transfer—the transfer of angular mo-
mentum produced by a flow of electrons
through an inhomogeneous magnetization

configuration (1, 2)—has many potential applica-
tions for data storage and microwave electronics.
It has been demonstrated recently in nanostructured
multilayers [current-induced magnetic switching
(3, 4) and precession (5, 6)] and extended mag-
netic strips [current-induced domain-wall mo-
tion (7, 8)]. It is usually difficult to measure the
magnitude of the spin transfer with such exper-
iments because they involve a complex spatio-
temporal evolution of the magnetization (4, 8).
As recently suggested, spin transfer can also

occur when an electrical current flows through a
spin wave (9, 10), which has the advantage of
being a system that is stationary both in time and
space: The low-amplitude magnetization pertur-
bation is entirely determined by the wave vector
→
k and pulsation w of the spin wave (Fig. 1A),
and the standard adiabatic gradient expression of
spin transfer torque (STT) for continuously var-
iable magnetization (11–14) results in a simple
shift of the frequency of the spin wave (10, 15)

DwSTT ¼ PmB
− jejMs

⋅
→
J

→
k ð1Þ

where P is the degree of spin polarization of
the electrical current, mB is the Bohr magneton,
→
J is the electrical current density, e is the elec-
tron charge, and Ms is the saturation magnetiza-

tion. Although this current-induced frequency
shift should not be confused with a true Doppler
shift (16) that occurs, for example, when a de-
tector is moved along the ferromagnet in which
the spin wave propagates (17), it can be iden-
tified formally as the Doppler shift that would
occur if the full electron system were simply
drifting with respect to the lab frame with a ve-
locity of PmB

→
J =−jejMs, as suggested 40 years

ago by Lederer and Mills (18).
We used a micrometer-sized version of the

propagating spin wave spectroscopy (PSWS)
technique (19–21). The microfabricated sample
(Fig. 1, B and C) consisted of a permalloy
(Ni80Fe20) strip [width (w) = 2 mm, thickness (t) =
20 nm], at the extremities of which four metal
pads served to inject the current Idc and measure
the resistance. An external field H0 (m0H0 ~ 1 T,
where m0 is the permeability of the vacuum)
magnetized the permalloy strip out of plane so
that spin waves propagated in the so-called mag-
netostatic forward volume waves (MSFVW)
geometry (19, 20). Spin waves were emitted and
detected with a pair of spin wave antennae
(center-to-center distance D = 7.7 mm) located
above the central part of the strip and connected
to a 20-GHz vector network analyzer via coplanar
waveguides (CPW). Each antenna consists of a
sub-micrometer–sized meander terminated with a
short circuit. In the operating principle of PSWS
(Fig. 1E), a microwave current i(w) is injected
into one antenna and generates a microwave
magnetic field h(w) that couples to the spin
wave modes m(w,k). These spin waves propa-
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the minority spin channels are determined by
adding the contributions from the different
sources of electron scattering (24). For bulk

alloys at low temperature, the substitutional dis-
order dominates. Because the atomic potentials
on Ni and Fe sites nearly align for the majority

channel but differ substantially for the minority
channel (25), this type of scattering is strongly
spin-polarized in Ni-Fe (r↓ ~ 100 microhm cm >>
r↑) (26), which explains the very high value of
P measured in these conditions (24). We estimate
that several other sources of scattering contrib-
uted to the 30-microhm-cm room-temperature
resistivity of our 20-nm polycrystalline film
(to be compared with the residual resistivity
4 microhm cm of bulk permalloy): phonons and
magnons (24), spin-mixing processes (24, 26),
grain boundaries, and film surfaces (27). This
could explain the quantitative differences be-
tween our value of P and the previous estimates
(23, 24). Our experimental conditions were very
close to those used to observe current-induced
domain-wall motion (7, 8, 28), and so the po-
larization we measured is probably the most
relevant in this context. The deviations from the
linear dependence of D f/k versus J observed in
Fig. 3C for current densities |J | > 1.2 1011 A m−2

could reflect the enhancement of magnon and
phonon scattering (24) due to a sizable Joule
heating (DT ~ 100 K for the w = 3.5-mm sample
under |J | = 1.7 1011 A m−2, as estimated from
the changes of the strip resistance and resonance
frequency) (15). In line with these observations,
a systematic study of the dependence of the
Doppler shift on temperature, film thickness, and
material microstructure could help to elucidate the
scattering mechanisms that govern the adiabatic
spin transfer in various materials. Spin waves
could also be used to test the existence of the
controversial nonadiabatic term of STT (8, 12–14).
Such a term would result in a simple change of
the propagating attenuation of the spin waves,
which could be accessed by improving the am-

Fig. 2. Characterizationof the
spin wave signals in the ab-
sence of dc current. (A) Self-
inductance measurement for a
l = 1.6-mm antenna coupled
to a t = 20-nm, w = 8-mm
permalloy strip subjected to a
m0H0 = 0.993 T field. (Left)
Magnetic field dependence
of the main resonance fre-
quency. The continuous line
was calculated with the disper-
sion of MSFVW (SOM text)
(15). (Right) Frequency depen-
dence of the frequency-swept
linewidth (FWHM) of the main
resonance. The continuous line
was calculated by adding the
intrinsic Gilbert contribution
(15) to the inhomogeneous
broadening because of the
finite wave vector spreading
of the excitation (Fig. 1D). (B)
Mutual inductance measure-
ments for the sameexperimen-
tal conditions (D = 8.7 mm).

Fig. 3. Influence of a dc current on the spin wave propagation. (A) Mutual-
inductancemeasurement in thepresenceof a I=+6mAdc current for thew=2mm,
l = 0.8 mm sample under m0H0 = 1.029 T. DL21 is shown as a red curve and
corresponds to spin waves propagating from antenna 1 to antenna 2. DL12 is
shown as a blue curve and corresponds to spin waves propagating from antenna
2 to antenna 1. The orientations of the spin wave wave vector and of the electron
flow are shown in the inset. The measured frequency shift Df is indicated on the
graph. For clarity, only the imaginary part and only the frequency range
corresponding to the main peak (k ≈ kM) are shown. (B) Idem for I = –6 mA. (C)
Experimental k-normalized frequency shifts versus current density. The data has

been collected on four different devices and, inmost cases, for two differentmagnetic fields (so that themain resonance falls in the ranges of 3 to 4 GHz and 4 to 7GHz).
The linear fit was performed in the range |J| < 1.2 1011 A m−2. P was determined with Eq. 1 and a product Mst, which was deduced from the resonance data (15).
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gate in both directions along the strip and induce
an additional magnetic flux on the excitation
antenna and on the second antenna. The sig-
nature of the spin waves is therefore a mag-
netic resonance behavior for the self-inductance
DL11(w) of the excitation antenna and for the
mutual inductance DL12(w) between the two
antennae (15, 21). The spatial periodicity of the
microwave current density j(x, w), as fixed by
the meander shape of the antennae, determines
the wave vector k of the excited spin waves. The
Fourier transform j̃(k, w) displayed in Fig. 1D
shows a main peak at kM = 7.4 mm−1 [that is, a
wavelength (l) ~ 0.8 mm corresponding to the
spatial periodicity of the design] with a full
width at half maximum (FWHM) of about 0.8
mm−1 alongside a secondary peak centered at
kS = 2.8 mm−1. In addition to the sample shown
in Fig. 1, B and C, three other devices with
different dimensions (w = 3.5 or 8 mm, l ~ 0.8 or
1.6 mm, and D = 5.4 to 14.5 mm) were fabri-
cated and studied.

We first characterized the permalloy strip and
the propagation between the two antennae with-

out dc current. Figure 2A shows the real and imag-
inary parts of the self-inductance DL11 for the w =
8 mm, l ~ 1.6-mm sample under an applied field
m0H0 = 0.993 T. The absorption Im(DL11) dis-
plays two peaks: a main one at resonance fre-
quency fres = 3.48 GHz with a FWHM of 150
MHz and a secondary one at fres = 3.24 GHz.
They are attributed to the excitation of spin waves
around kM and kS, respectively. The insets in Fig.
2A show the magnetic field dependency of the
frequency of the main resonance (left) and the
frequency dependence of its FWHM (right).
These data are accounted fairly well by using
the MSFVW dispersion (15) with a gyromagnetic
ratio g/2p = 30.0 GHz T−1, an effective mag-
netization m0Meff = 0.88 T, and a Gilbert damping
factor a = 0.009. These values compare reason-
ably well with the values obtained by broadband
ferromagnetic resonance measurements on the
unprocessed film (29.3 GHz T−1, 0.94 T, and
0.006 T respectively) and with published values
for permalloy/alumina thin films (22). Figure 2B
shows the real and imaginary parts of the mu-
tual inductance that were measured in the same

run. One sees clear oscillations that are con-
voluted with the two absorption peaks observed
in Fig. 2A. This is attributed to the propagation
delay of the spin waves. When the frequency is
swept around the fres, slightly different wave
vectors are selected within the FWHM of the
j̃(k,w) peaks so that the phase delay of the trans-
mitted signal (f = –kD) changes continuously.
From the period fP of these oscillations, we
estimate the spin wave group velocity to be Vg =
D fP ~ 0.8 mm ns−1, in reasonable agreement
with the value of 0.72 mm ns−1 deduced from the
MSFVW dispersion. The mutual inductances
DL21 and DL12, which correspond respectively
to signal propagating in the forward (antenna
1→ 2) and reverse (antenna 2 → 1) directions,
are identical (Fig. 2B), which confirms that the
transmission of these volume spin waves is
reciprocal (19, 20) in the absence of a dc current.

Next, we proceeded to transmission measure-
ments with a dc current. Figure 3A shows the
imaginary part of the forward and reverse mu-
tual inductances DL21 and DL12 measured for
the w = 2 mm, l ~ 0.8 mm sample upon injecting
Idc = +6 mA through the strip. The curves are
shifted horizontally with respect to each other:
The blue curve [Im(DL12)], which corresponds
to spin waves traveling in the same direction as
the electron flow (Fig. 3A, inset), is shifted about
18 MHz higher in frequency than the red curve
[Im(DL21)], which accounts for spin waves trav-
eling against the electron flow. When the polarity
of the dc current is reversed (Fig. 3B), it is the
red curve [Im(DL21)], now corresponding to spin
waves propagating along the electron flow, that
is shifted about 18.5 MHz higher in frequency
than the blue one. These observations were re-
produced on all four samples, for different values
of the dc current and for different values of the
applied field (15). We also verified that the po-
larity of H0 has no influence on the effect. To
quantitatively compare these results, we plotted
the measured frequency shifts Df normalized by
the wave vector kM versus the electrical current
density J (Fig. 3C). Aside from the data points
corresponding to the highest current densities,
we recognize a clear linear dependence in
agreement with the STT Doppler shift. Upstream
and downstream spin waves are Doppler-shifted
in opposite ways so that the measured frequency
shift Df is two times the DfSTT of Eq. 1. From the
slope of the line shown in Fig. 3C, the spin
polarization of the current in our permalloy film
is estimated to be P = 0.5 T 0.05 (15), which
indicates that the electrical current is mostly
carried by the majority spins. The order of mag-
nitude is consistent with the previous estimates
derived from a detailed modeling of the low-
temperature magnetoresistance of spin valves
containing permalloy layers (P = 0.6 to 0.8) (23)
and of the residual resistivity of bulk dilute
alloys (P = 0.8 to 0.95) (24).

These results can be examined within the
two-current model for which P ¼ r↓ − r↑

r↓ þ r↑
, where

the resistivities r↑ for the majority and r↓ for

Fig. 1. Principle of the spin wave measurements. (A) Sketch of a spin wave subjected to STT [case
of a spin wave propagating against the dc current (along the electron flow) with a spin polarization
P > 0]. The red arrows represent the flow of spin-polarized electrons (the spin current Q) (15). (B)
Optical micrograph of the device with a w = 2-mm permalloy strip (t= 20 nm) and a pair of l =
0.8-mm antennae. (C) Scanning electron micrograph of the central region. (D) Fourier transform of
the microwave current density for the antenna shown in (C). It was calculated by assuming a
uniform current density across each branch of the meander. (E) Sketch of the operating principle of
propagating spin wave spectroscopy.
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the minority spin channels are determined by
adding the contributions from the different
sources of electron scattering (24). For bulk

alloys at low temperature, the substitutional dis-
order dominates. Because the atomic potentials
on Ni and Fe sites nearly align for the majority

channel but differ substantially for the minority
channel (25), this type of scattering is strongly
spin-polarized in Ni-Fe (r↓ ~ 100 microhm cm >>
r↑) (26), which explains the very high value of
P measured in these conditions (24). We estimate
that several other sources of scattering contrib-
uted to the 30-microhm-cm room-temperature
resistivity of our 20-nm polycrystalline film
(to be compared with the residual resistivity
4 microhm cm of bulk permalloy): phonons and
magnons (24), spin-mixing processes (24, 26),
grain boundaries, and film surfaces (27). This
could explain the quantitative differences be-
tween our value of P and the previous estimates
(23, 24). Our experimental conditions were very
close to those used to observe current-induced
domain-wall motion (7, 8, 28), and so the po-
larization we measured is probably the most
relevant in this context. The deviations from the
linear dependence of D f/k versus J observed in
Fig. 3C for current densities |J | > 1.2 1011 A m−2

could reflect the enhancement of magnon and
phonon scattering (24) due to a sizable Joule
heating (DT ~ 100 K for the w = 3.5-mm sample
under |J | = 1.7 1011 A m−2, as estimated from
the changes of the strip resistance and resonance
frequency) (15). In line with these observations,
a systematic study of the dependence of the
Doppler shift on temperature, film thickness, and
material microstructure could help to elucidate the
scattering mechanisms that govern the adiabatic
spin transfer in various materials. Spin waves
could also be used to test the existence of the
controversial nonadiabatic term of STT (8, 12–14).
Such a term would result in a simple change of
the propagating attenuation of the spin waves,
which could be accessed by improving the am-

Fig. 2. Characterizationof the
spin wave signals in the ab-
sence of dc current. (A) Self-
inductance measurement for a
l = 1.6-mm antenna coupled
to a t = 20-nm, w = 8-mm
permalloy strip subjected to a
m0H0 = 0.993 T field. (Left)
Magnetic field dependence
of the main resonance fre-
quency. The continuous line
was calculated with the disper-
sion of MSFVW (SOM text)
(15). (Right) Frequency depen-
dence of the frequency-swept
linewidth (FWHM) of the main
resonance. The continuous line
was calculated by adding the
intrinsic Gilbert contribution
(15) to the inhomogeneous
broadening because of the
finite wave vector spreading
of the excitation (Fig. 1D). (B)
Mutual inductance measure-
ments for the sameexperimen-
tal conditions (D = 8.7 mm).

Fig. 3. Influence of a dc current on the spin wave propagation. (A) Mutual-
inductancemeasurement in thepresenceof a I=+6mAdc current for thew=2mm,
l = 0.8 mm sample under m0H0 = 1.029 T. DL21 is shown as a red curve and
corresponds to spin waves propagating from antenna 1 to antenna 2. DL12 is
shown as a blue curve and corresponds to spin waves propagating from antenna
2 to antenna 1. The orientations of the spin wave wave vector and of the electron
flow are shown in the inset. The measured frequency shift Df is indicated on the
graph. For clarity, only the imaginary part and only the frequency range
corresponding to the main peak (k ≈ kM) are shown. (B) Idem for I = –6 mA. (C)
Experimental k-normalized frequency shifts versus current density. The data has

been collected on four different devices and, inmost cases, for two differentmagnetic fields (so that themain resonance falls in the ranges of 3 to 4 GHz and 4 to 7GHz).
The linear fit was performed in the range |J| < 1.2 1011 A m−2. P was determined with Eq. 1 and a product Mst, which was deduced from the resonance data (15).
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The current-induced Doppler effect leads to a frequency shift that is linear in the 
wave vector

! = !k � u · k u = P
gµB
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je = P

�

2e
1

Ms
je

For sufficiently large currents, the mode frequency can 
decrease to zero. At this point, the ferromagnetic state 
becomes unstable (why?)

!

k

Increasing 
current

anisotropy energy Ku and magnetic stiffness As corre-
sponding to the tensile strain and Mn concentration in
question we evaluate the width of the Bloch wall to be
!W ! ""As=Ku #1=2 $ 17 nm [19], which for actual values
of in-plane anisotropy energies should be energetically
more stable than the Néel wall.

We find that for the present arrangement the transition
and trailing times of the pulses are about 500 ns, and thus
we choose the minimum current pulse width to be 1 #s;
the maximum is set to 800 ms. During the application of
the pulse, we screen the device from ambient light to avoid
the effect of photoconductivity in the buffer layer. For the
observation of the domain structure we use a MOKE
microscope with 546 nm light. In order to enhance the
image contrast, we register differential images before and
after the application of the pulse, i.e., the brightness of the
image changes only in the area where the reversal of
magnetization M occurred by the current injection. In
this way we obtain the images shown in Fig. 1(b), where
the increase of the white (black) area corresponds to the
increase of the area with positive (negative) M direction
with respect to the initial M configuration (DW at the
boundary). We measure the reversed area (i.e., the area
swept by DW) Ad with pulses of various amplitudes j and
widths wp at nominal temperatures of Ta! 92, 94, 96,
100, and 104 K. The effective displacement of DW deff is
determined as a ratio of Ad to the channel widthw. In order
to avoid electric breakdown, the maximum j is restricted to
1:3 % 106 A=cm2. Figure 1(b) presents the dependence of
MOKE images on wp at j ! 4:3 % 105 A=cm2 and Ta!
100 K. The left panel corresponds to the initial configura-
tion with magnetization pointing down (negative M) in
region (I) and positive M in region (II). The right panel

is for the opposite initial configuration, which results in the
reversed brightness of the DW area swept by the current
injection. We have found that DW always moves in the
opposite sense to the current direction independently of the
initial M orientation.

There are two sources of the Oersted field brought about
by current, which can lead to DW motion. First, in a thin
uniform conductor, t& w, the field generated by the cur-
rent is concentrated on the two edges, and its averaged
component over the thickness t is Hz !'jt(3 )
2 ln"w=t#*=4", reaching the magnitude #0jHzj $ 0:4 mT
in the present experiment. However, if this were the source
of DW motion, the direction of motion would have de-
pended on the initial M configuration, in contrast to our
observations. Second, the current and M produce a trans-
verse (anomalous) Hall electric field that changes its sign
on crossing DW. This generates an additional current that
circulates around DW [20], and induces a magnetic field
H0z reaching a maximum value in the DW center.
Averaging over !W we obtain H0z ! bjt tan$H, where the
sign corresponds to a positive direction of M in the source
contact and b $ 2:0, independent of the Hall angle $H and
w under our experimental conditions, j tan$Hj + 0:1 and
!W & w. Because$H > 0 in the studied layers, this hydro-
magnetic DW drag force moves DW in the direction of the
current, again in contradiction to our findings.

In view of the above considerations, we turn to the
description of our results in terms of spin transfer. Since
the sign of the p-d exchange integral % between the hole
carriers and localized Mn spins is negative, a simple ap-
plication of spin momentum conservation implies that the
DW is expected to move in the opposite direction to the
electric current, as observed. Conversely, our findings can
be taken as experimental evidence for the antiferromag-
netic sign of the p-d coupling in (Ga,Mn)As.

Figure 1(c) shows the dependence of DW displacement
deff on wp obtained from Fig. 1(b). For longer wp, deff

increases linearly with wp; to reduce the possible experi-
mental errors accompanied by the region near the stepped
boundary, we define the effective velocity veff as the slope
ddeff=dwp for deff > 15 #m. We also note that the swept
area has a wedge shape, and its edge side is reversed for the
reversed initial M configurations. Two effects can work
together to produce such a behavior. First, an asymmetric
DW motion can be induced by the Oersted field Hz that is
oriented in the opposite sense at the two channel edges.
Second, the current at the edges in the DW region is either
enhanced or reduced by the jump in the Hall electric field,
depending on the M configuration.

In order to take into account the device tempera-
ture increase !T due to Joule heating, we compared
the temperature dependence of the device resistance R
measured at low j of 5 % 103 A=cm2 and R during
the application of the pulse as a function of j. We find
that !T is more sensitive to j than to wp and that the
values of !T determined at different Ta by using R"T#

FIG. 1 (color online). (a) Layout of the device showing the
5 #m mesa and step for DW pinning in perpendicular magnetic
anisotropy (Ga,Mn)As film. (b) 7 #m wide magneto-optical
images with a 5 #m mesa in the center show that DW moves
in the opposite direction to current independent of the initial
magnetization orientation, and that DW displacement is propor-
tional to pulse duration (c). The lowest panel in (b) shows
destruction of ferromagnetic phase by Joule heating.

PRL 96, 096601 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
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Magnonic Black Holes

A. Roldán-Molina,1,2 Alvaro S. Nunez,2 and R. A. Duine3,4
1Centro para el Desarrollo de la Nanociencia y la Nanotecnología, CEDENNA, Avenida Ecuador 3493, Santiago 9170124, Chile

2Departamento de Física, Facultad de Ciencias Físicas y Matemáticas, Universidad de Chile, Casilla 487-3, Santiago, Chile
3Institute for Theoretical Physics, Utrecht University, Leuvenlaan 4, 3584 CE Utrecht, Netherlands

4Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, Netherlands
(Received 19 October 2016; published 8 February 2017)

We show that the interaction between the spin-polarized current and the magnetization dynamics can be
used to implement black-hole and white-hole horizons for magnons—the quanta of oscillations in the
magnetization direction in magnets. We consider three different systems: easy-plane ferromagnetic metals,
isotropic antiferromagnetic metals, and easy-plane magnetic insulators. Based on available experimental
data, we estimate that the Hawking temperature can be as large as 1 K. We comment on the implications of
magnonic horizons for spin-wave scattering and transport experiments, and for magnon entanglement.

DOI: 10.1103/PhysRevLett.118.061301

Introduction.—Hawking’s 1974 postulation [1] that
black holes evaporate by radiating particles with a thermal
spectrum has triggered an enormous amount of scientific
research and debate. It showed that black holes have a
temperature—now called the Hawking temperature—
confirming earlier ideas by Bekenstein on black-hole
entropy and black-hole thermodynamics [2]. Computing
the black-hole entropy from a microscopic statistical-
physics description has been a key test of candidates for
quantum-gravity theories ever since [3]. At the founda-
tional level, the scaling of the black-hole entropy with area
rather than volume led to the formulation of the so-called
holographic principle [4] and to debates concerning the
black-hole information paradox [5].
Despite these developments, Hawking radiation from

gravitational black holes has not been observed yet. This is
in part due to the low Hawking temperatures associated
with astronomical black holes. Creating small black holes
—which should have a higher Hawking temperature—
seems experimentally impossible, and, if one were to
succeed, they would evaporate rapidly. To circumvent such
problems and to shed light on conceptual issues in the
theoretical treatment of Hawking radiation—such as the so-
called trans-Planckian problem—Unruh [6] suggested
experimentally creating black-hole-horizon analogues. A
black-hole horizon for sound waves in a flowing medium is
created by a transition from subsonic to supersonic flow,
such that waves along the flow and incoming from the
subsonic region cannot escape from the supersonic region.
A white-hole horizon is then a region where the flow
changes from supersonic to subsonic. In this case, a wave
traveling against the flow from the subsonic region cannot
penetrate the supersonic part. Unruh’s original proposal
concerned waves in water and motivated experiments in
that direction [7]. This system cannot be driven into the
quantum regime where the temperature is much lower than

the Hawking temperature. Nonetheless, by measuring the
energy dependence of reflection and transmission ampli-
tudes of waves scattering off the horizon in the classical
regime, the Hawking spectrum can be determined up to
normalization as the underlying physics is linear. This was
experimentally implemented in Ref. [8].
Unruh’s work motivated theoretical proposals for black-

hole-horizon analogues based on different systems in
different regimes [9,10]. These include theoretical propos-
als for superfluid helium [11], atomic Bose-Einstein con-
densates [12], light in dispersive media [13],
electromagnetic waveguides [14], ultracold fermions
[15], trapped-ion rings [16], exciton-polariton condensates
]17 ], light in nonlinear liquids [18], and, most recently,

Weyl semimetals [19]. Experimental observations of vari-
ous aspects of horizons have been reported for Bose-
Einstein condensates [20], optical systems [21], and
exciton-polariton condensates [22]. The essential ingre-
dients for analogue horizons are linearly dispersing waves
at long wavelengths and a background flow velocity which
can exceed the velocity of the waves.
In this Letter, we propose a solid-state realization of a

black-hole-horizon analogue. We outline how to use spin
transfer torques, i.e., torques arising from the interplay
between the spin current and the magnetization dynamics
[23], to implement a black hole for magnons—the quanta
of spin waves. In short, our proposal is based on the result
that a spin-polarized electric current through a magnetic
conductor interacts with the magnetization dynamics to
give the spin waves a Doppler shift with effective “spin-
drift” velocity vs—as was experimentally detected in
Ref. [24]. “Supersonic” and “subsonic” regions are then
regions were the velocity vs is larger and smaller (in
absolute value) than the spin-wave velocity c, respectively.
Our proposal is distinct from other implementations in

that the background flow for the excitations is not provided
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CIP torques for domain walls, vortices …
�32

In MP2, we saw that soliton dynamics can be described with method of collective 
coordinates


CIP torques can be included in Lagrangian and dissipation function using 
convective derivative analogy
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Domain walls: CIP torques
�33

Similar equations of motion for domain walls in the presence of CIP spin torques:

u = P
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Current-driven domain wall motion
�34

Field and current driven motion result in very similar torque profiles on a single 
domain wall

Field-driven motion

Current-driven motion

However, for a sequence of domain walls, the overall effect is very different

Field-driven motion Current-driven motion

H0 je

Direction of 
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Current-driven domain wall motion A Yamaguchi et al, 
 Phys Rev Lett 92, 077205 (2004)

Back and forth motion of domain wall driven by bipolar current pulses

Setup

Interpretation of domain wall 
state from MFM
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Magnetic Domain-Wall
Racetrack Memory
Stuart S. P. Parkin,* Masamitsu Hayashi, Luc Thomas

Recent developments in the controlled movement of domain walls in magnetic nanowires by
short pulses of spin-polarized current give promise of a nonvolatile memory device with the
high performance and reliability of conventional solid-state memory but at the low cost of
conventional magnetic disk drive storage. The racetrack memory described in this review
comprises an array of magnetic nanowires arranged horizontally or vertically on a silicon
chip. Individual spintronic reading and writing nanodevices are used to modify or read
a train of ~10 to 100 domain walls, which store a series of data bits in each nanowire.
This racetrack memory is an example of the move toward innately three-dimensional
microelectronic devices.

There are two main means of storing
digital information for computing appli-
cations: solid-state random access mem-

ories (RAMs) and magnetic hard disk drives
(HDDs). Even though both classes of devices
are evolving at a very rapid pace, the cost of
storing a single data bit in an HDD remains
approximately 100 times cheaper than in a solid-
state RAM. Although the low cost of HDDs is
very attractive, these devices are intrinsically
slow, with typical access times of several milli-
seconds because of the large mass of the ro-
tating disk. RAM, on the other hand can be very
fast and highly reliable, as in static RAM and
dynamic RAM technologies. The architecture of
computing systems would be greatly simplified
if there were a single memory storage device
with the low cost of the HDD but the high per-
formance and reliability of solid-state memory.

Racetrack Memory
Because both silicon-based microelectronic de-
vices and HDDs are essentially two-dimensional
(2D) arrays of transistors and magnetic bits,
respectively, the conventional means of develop-
ing cheaper and faster devices relies on reducing
the size of individual memory elements or data
storage bits. An alternative approach is to con-
sider constructing truly 3D devices. One such
approach is “racetrack” memory (RM) (1), in
which magnetic domains are used to store infor-
mation in tall columns of magnetic material ar-
ranged perpendicularly on the surface of a silicon
wafer (Fig. 1). Magnetic domain walls (DWs) (2)
are formed at the boundaries between magnetic
domains magnetized in opposite directions (up or
down) along a racetrack (Fig. 2). Each domain
has a head (positive or north pole) and a tail
(negative or south pole). Successive DWs along

the racetrack alternate between head-to-head and
tail-to-tail configurations. The spacing between
consecutive DWs (that is, the bit length) is con-
trolled by pinning sites fabricated along the race-
track. There are several means of creating such
pinning sites; for example, by patterning notches
along the edges of the racetrack or modulating
the racetrack’s size or material properties. Be-
sides defining the bit length, pinning sites also
give the DWs the stability to resist external per-
turbations, such as thermal fluctuations or stray
magnetic fields from nearby racetracks.

RM is fundamentally a shift register in which
the data bits (the DWs) aremoved to and fro along
any given racetrack to intersect with individual
reading and writing elements integrated with each
racetrack (Fig. 1). The DWs in the magnetic race-
track can be read with magnetic tunnel junction
magnetoresistive sensing devices (3) arranged so

that they are close to or in con-
tact with the racetrack. Writing
DWs can be carried out with a
variety of schemes (1), includ-
ing using the self-field of cur-
rents passed along neighboring
metallic nanowires; using the
spin-momentum transfer torque
effect (4,5) derived fromcurrent
injected into the racetrack from
magneticnanoelements;orusing
the fringing fields from the con-
trolled motion of a magnetic
DW in a proximal nanowire
writing element (1).

Uniform magnetic fields
cannot be used to shift a series
of DWs along the racetrack:
Neighboring DWs would move
in opposite directions and so
eventually annihilate each other.
Magnetic memory devices us-
ing non-uniform local magnet-
ic fields to manipulate DWs
were studied several decades
ago (6, 7) but were abandoned
because of their complexity
and cost.

InRM,DWsareshiftedalong
the racetrack by nanosecond
current pulses using the phe-
nomenon of spin-momentum
transfer (4, 5). When a current is
passed through a magnetic ma-
terial, it becomes spin-polarized
because of spin-dependent diffu-
sive scattering, and so carries
spin angular momentum (3, 8).
When the spin-polarized cur-
rent is passed through a DW,
the current transfers spin an-
gular momentum to the wall,
thereby applying a torque to the
moments in the DW, which can
result in motion of the wall

REVIEW

IBM Almaden Research Center, San Jose, CA 95120–6099,
USA.

*To whom correspondence should be addressed. E-mail:
parkin@almaden.ibm.com

Fig. 1. The racetrack is a ferromagnetic nanowire, with data
encoded as a pattern of magnetic domains along a portion of the
wire. Pulses of highly spin-polarized current move the entire
pattern of DWs coherently along the length of the wire past read
and write elements. The nanowire is approximately twice as long
as the stored DW pattern, so the DWs may be moved in either
direction. (A) A vertical-configuration racetrack offers the highest
storage density by storing the pattern in a U-shaped nanowire
normal to the plane of the substrate. The two cartoons show the
magnetic patterns in the racetrack before and after the DWs have
moved down one branch of the U, past the read and write ele-
ments, and then up the other branch. (B) A horizontal config-
uration uses a nanowire parallel to the plane of the substrate. (C)
Reading data from the stored pattern is done by measuring the
tunnel magnetoresistance of a magnetic tunnel junction element
connected to the racetrack. (D) Writing data is accomplished, for
example, by the fringing fields of a DW moved in a second
ferromagnetic nanowire oriented at right angles to the storage
nanowire. (E) Arrays of racetracks are built on a chip to enable
high-density storage.

11 APRIL 2008 VOL 320 SCIENCE www.sciencemag.org190

 o
n

 A
p

ri
l 
1

6
, 

2
0

0
9

 
w

w
w

.s
c
ie

n
c
e

m
a

g
.o

rg
D

o
w

n
lo

a
d

e
d

 f
ro

m
 

Magnetic Domain-Wall
Racetrack Memory
Stuart S. P. Parkin,* Masamitsu Hayashi, Luc Thomas

Recent developments in the controlled movement of domain walls in magnetic nanowires by
short pulses of spin-polarized current give promise of a nonvolatile memory device with the
high performance and reliability of conventional solid-state memory but at the low cost of
conventional magnetic disk drive storage. The racetrack memory described in this review
comprises an array of magnetic nanowires arranged horizontally or vertically on a silicon
chip. Individual spintronic reading and writing nanodevices are used to modify or read
a train of ~10 to 100 domain walls, which store a series of data bits in each nanowire.
This racetrack memory is an example of the move toward innately three-dimensional
microelectronic devices.

There are two main means of storing
digital information for computing appli-
cations: solid-state random access mem-

ories (RAMs) and magnetic hard disk drives
(HDDs). Even though both classes of devices
are evolving at a very rapid pace, the cost of
storing a single data bit in an HDD remains
approximately 100 times cheaper than in a solid-
state RAM. Although the low cost of HDDs is
very attractive, these devices are intrinsically
slow, with typical access times of several milli-
seconds because of the large mass of the ro-
tating disk. RAM, on the other hand can be very
fast and highly reliable, as in static RAM and
dynamic RAM technologies. The architecture of
computing systems would be greatly simplified
if there were a single memory storage device
with the low cost of the HDD but the high per-
formance and reliability of solid-state memory.

Racetrack Memory
Because both silicon-based microelectronic de-
vices and HDDs are essentially two-dimensional
(2D) arrays of transistors and magnetic bits,
respectively, the conventional means of develop-
ing cheaper and faster devices relies on reducing
the size of individual memory elements or data
storage bits. An alternative approach is to con-
sider constructing truly 3D devices. One such
approach is “racetrack” memory (RM) (1), in
which magnetic domains are used to store infor-
mation in tall columns of magnetic material ar-
ranged perpendicularly on the surface of a silicon
wafer (Fig. 1). Magnetic domain walls (DWs) (2)
are formed at the boundaries between magnetic
domains magnetized in opposite directions (up or
down) along a racetrack (Fig. 2). Each domain
has a head (positive or north pole) and a tail
(negative or south pole). Successive DWs along

the racetrack alternate between head-to-head and
tail-to-tail configurations. The spacing between
consecutive DWs (that is, the bit length) is con-
trolled by pinning sites fabricated along the race-
track. There are several means of creating such
pinning sites; for example, by patterning notches
along the edges of the racetrack or modulating
the racetrack’s size or material properties. Be-
sides defining the bit length, pinning sites also
give the DWs the stability to resist external per-
turbations, such as thermal fluctuations or stray
magnetic fields from nearby racetracks.

RM is fundamentally a shift register in which
the data bits (the DWs) aremoved to and fro along
any given racetrack to intersect with individual
reading and writing elements integrated with each
racetrack (Fig. 1). The DWs in the magnetic race-
track can be read with magnetic tunnel junction
magnetoresistive sensing devices (3) arranged so

that they are close to or in con-
tact with the racetrack. Writing
DWs can be carried out with a
variety of schemes (1), includ-
ing using the self-field of cur-
rents passed along neighboring
metallic nanowires; using the
spin-momentum transfer torque
effect (4,5) derived fromcurrent
injected into the racetrack from
magneticnanoelements;orusing
the fringing fields from the con-
trolled motion of a magnetic
DW in a proximal nanowire
writing element (1).

Uniform magnetic fields
cannot be used to shift a series
of DWs along the racetrack:
Neighboring DWs would move
in opposite directions and so
eventually annihilate each other.
Magnetic memory devices us-
ing non-uniform local magnet-
ic fields to manipulate DWs
were studied several decades
ago (6, 7) but were abandoned
because of their complexity
and cost.

InRM,DWsareshiftedalong
the racetrack by nanosecond
current pulses using the phe-
nomenon of spin-momentum
transfer (4, 5). When a current is
passed through a magnetic ma-
terial, it becomes spin-polarized
because of spin-dependent diffu-
sive scattering, and so carries
spin angular momentum (3, 8).
When the spin-polarized cur-
rent is passed through a DW,
the current transfers spin an-
gular momentum to the wall,
thereby applying a torque to the
moments in the DW, which can
result in motion of the wall
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Fig. 1. The racetrack is a ferromagnetic nanowire, with data
encoded as a pattern of magnetic domains along a portion of the
wire. Pulses of highly spin-polarized current move the entire
pattern of DWs coherently along the length of the wire past read
and write elements. The nanowire is approximately twice as long
as the stored DW pattern, so the DWs may be moved in either
direction. (A) A vertical-configuration racetrack offers the highest
storage density by storing the pattern in a U-shaped nanowire
normal to the plane of the substrate. The two cartoons show the
magnetic patterns in the racetrack before and after the DWs have
moved down one branch of the U, past the read and write ele-
ments, and then up the other branch. (B) A horizontal config-
uration uses a nanowire parallel to the plane of the substrate. (C)
Reading data from the stored pattern is done by measuring the
tunnel magnetoresistance of a magnetic tunnel junction element
connected to the racetrack. (D) Writing data is accomplished, for
example, by the fringing fields of a DW moved in a second
ferromagnetic nanowire oriented at right angles to the storage
nanowire. (E) Arrays of racetracks are built on a chip to enable
high-density storage.
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CPP (Slonczewski) torques can be described with a dissipation function
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Vortex oscillators
�38
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Figure 1 GMR and microwave data for sample 1. a, Differential resistance for I= 0 as a function of H∥. The included lead resistance in a and b is ∼ 12 !. The black
arrows indicate the field scanning direction. b, Microwave spectra as a function of d.c. current bias for H⊥ = 1,600 Oe. Inset: FWHM (circles) and f (triangles) as a function of
I. c, Microwave spectra as a function of d.c. current bias for H∥ = 540 Oe. Inset: FWHM (circles) and f (triangles) as a function of I. The curves in b and c are offset by
approximately 0.02 nW GHz− 1 along the vertical axis for clarity. d, Microwave peak with " f= 2.8×102 kHz and f/" f= 4.0×103 for H∥ = 480 Oe and I= 9.0 mA. The
continuous line is a lorentzian fit to the data. Left inset: Sample layout. Right inset: Microwave peak for I= 10 mA and H∥ =∼ 6 Oe.

the vortex is annihilated and both the thick and the thin
layers are in quasi-uniform magnetization states with magnetic
moments aligned with the field and the device resistance at
its minimum. As H∥ is reduced, near ±200 Oe the thin-layer
moment reorients owing to the interlayer dipole-field interaction7,
becoming antiparallel to the thick-layer moment. The additional
switching near H∥ = ±100 Oe corresponds to vortex nucleation,
which reduces the GMR from its maximum value in the uniform,
antiparallel configuration. Discrete steps in dV/dI are observed
for both out-of-plane (not shown) and in-plane applied fields,
resulting from intermittent pinning of the vortex owing to material
defects and device shape imperfections26,27. Owing to the thermally
activated nature of the vortex nucleation, in some scans, such as
the one shown in Fig. 1a, the parallel configuration is preferred
near H∥ = 0 when ramping down the field from negative values.
A scan carried out immediately afterwards indicates that the vortex
is nucleated again near 200 Oe.

To study the spin-torque excitation of vortex oscillations, the
d.c. bias current, I , was varied while keeping H , either H∥ or H⊥ ,
fixed. Previous work has established a link between persistent spin-
torque magnetization dynamics and peaks or dips in dV/dI versus
I scans (for example, refs 5,7). We do observe such features, but
they have a relatively small amplitude, which is consistent with the

relatively small amplitude of the vortex oscillations. Therefore, the
signatures of vortex oscillations in the I–V characteristics are not as
compelling as they are in ‘vortex-free’ spin-valve nanopillar devices.
Consequently, we focused on frequency-domain measurements
to establish the existence and study the character (for example,
linewidth, amplitude and frequency) of these vortex oscillations.
As expected, microwave dynamics are observed only for values of
H∥ between the positive and negative vortex annihilation fields.
Figure 1b shows typical frequency-domain measurements of the
GMR signal for H⊥ = 1,600 Oe, as a function of I for sample 1,
measurements that are indicative of the excitation of a single
strong mode of persistent high-frequency magnetization dynamics
in the structure. Although we usually observe only one dominant
microwave mode under the H and I conditions of interest here,
depending on the bias and sample we sometimes find multiple
modes. In general, the power in the second-harmonic signal is
less than 10% of that in the fundamental, consistent with a nearly
sinusoidal oscillation in the time domain.

The linewidth typically ranges between 60 MHz and < 0.3 MHz
as the field- and current-bias conditions are varied. For sample 1, as
I is increased for H⊥ = 1,600 Oe, the full-width at half-maximum
(FWHM; "f ) decreases, whereas the power density increases
rapidly, reaching a maximum at I =11 mA (Fig. 1b). The oscillation

nature physics VOL 3 JULY 2007 www.nature.com/naturephysics 499
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Self-sustained gyration of vortices with CPP torques in spin 
valves (GMR) and magnetic tunnel junctions (TMR)


Gyration frequencies determined by confinement potential, 
GHz range

V S Pribiag et al, Nat Phys 3, 498 (2007)
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Summary
�39

Magnetism affects transport and vice versa 

Spin torques involve the absorption of transverse 
spin currents  
sd model, current-driven magnetisation reversal  

Spin torques can compensate spin wave damping in 
certain geometries, modify frequencies in others  
Self-sustained oscillations, Doppler effect  

Spin torques can displace magnetic solitons such as 
domain walls and vortices 
Back and forth wall propagation in wires, vortex 
oscillators
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