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Transport and spintronics
2

‣ Brief review of (some) concepts in spintronics 

‣ Spin-dependent transport phenomena in ferromagnetic metals 
“How magnetism affects spin transport”


- Fermi surfaces  
Two current model 
Giant magnetoresistance 
Tunnel magnetoresistance 

‣ Spin transport torques 
“How spin transport affects magnetism”


- Spin diffusion  
Slonczewski model (CPP) 
Zhang-Li model (CIP) 
Spin-orbit torques

Lecture 1

Lecture 2
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What is spintronics?
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‣ Electronics: move electron charges (or 
holes) around in circuits


‣ Spin electronics: exploit spin degree of 
freedom


‣ In ferromagnetic transition metals, currents 
are naturally spin-polarized 
(Half-metals: potential for 100% spin 
polarization)


‣ Magnetism plays an important role in the 
manifestation of spin-dependent transport


‣ Pure spin currents do not cause Joule 
heating → Low power electronics
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Interplay between magnetic order and transport
4

GMR, TMR Spin transport torques

Hall effects

Many other spin-orbit related phenomena … no time to cover here

LETTERS
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by using molecular beam epitaxy (MBE) and microfabrication 
techniques (see Methods). Cross-sectional transmission electron 
microscope (TEM; Hitachi H-9000NAR) images of an MTJ with 
tMgO = 1.8 nm are shown in Fig. 1. Single-crystal lattices can be 
identifi ed in the images. The lattice image for MgO(001) (Fig. 1b) 
illustrates that the lattice spacing is elongated along the [001] axis by 
5% and is compressed along the [100] axis by 1.2% compared with 
the lattice of bulk MgO. Although the MgO lattice is compressed 
along the [100] axis to match the Fe lattice, the in-plane lattice 
constant of MgO is still 2.5% larger than that of bulk Fe. This lattice 
mismatch is relaxed by dislocations formed at the interfaces (see 
Fig. 1b). More dislocations are observed at the lower interface than at 
the upper interface. This is because the lattice of the top Fe electrode 
is expanded by 1.9% along the [110] axis to match the MgO lattice.

The magnetoresistance at bias voltages up to 1,300 mV was 
measured at 293 K and 20 K by using the d.c. four-probe method. 
The bias direction was defi ned with respect to the top Fe electrode. 
Typical magnetoresistance curves for the Fe/MgO/Fe/IrMn MTJ 
at 293 K and 20 K are shown in Fig. 2a. At 293 K the MTJ has an 
MR ratio of 180%, which is more than twice the highest room-
temperature MR ratio reported to date13. Resistance of the MTJ 
for a 1 ! 1 µm area (resistance–area product RA) is plotted as a 
function of tMgO in Fig. 2b. Its exponential increase as a function of 
tMgO is typical of ideal tunnel junctions14. According to the Wenzel–
Kramer–Brillouin (WKB) approximation, the slope of the log(RA) 
versus tMgO plot corresponds to 4"(2m!)1/2/h, where m, ! and h are, 
respectively, the electron mass, the potential barrier height (energy 
difference between the Fermi level and the bottom of the conduction 
band in the tunnel barrier), and Planck’s constant15. The slope 
yields a barrier height ! of 0.39 eV. Simmons’ equations for I–V 
characteristics15 yield ! = 0.37–0.40 eV. The barrier height of our 
MTJs is considerably lower than the values in the literature9,10, which 
should be due to the oxygen vacancy defects in MgO (see Methods). 
Oxygen vacancies in MgO can form charge-neutral gap states 
(F-centres) about 1.2 eV below the bottom of conduction band16, 
which raises the Fermi level above the vacancy states and makes 
the barrier height lower than 1.2 eV. It should be noted that the 
barrier height of an ideal MgO tunnel barrier9 (3.7 eV) is too high 
for the device applications. It should also be noted that for an Al–O 
tunnel barrier, a lower barrier height yields a lower MR ratio17. It is 
surprising that in Fe/MgO/Fe MTJs, there is an enormous TMR effect 
despite the low barrier height. This is very favourable in applications 
because both a low RA and a high MR ratio can be achieved. 
Fe/MgO/Fe MTJs with RA values ranging from 300 to 10,000 # µm2, 
which are desirable for MRAMs, have huge MR ratios over 150% 
at room temperature.

The dependence of the MR ratio on tMgO gives valuable information 
on the physical mechanism of the TMR effect. According to theoretical 
calculations7,8, the MR ratio increases with increasing tMgO. This can be 
understood as follows. When the tunnel barrier is thick, the tunnelling 
current is dominated by electrons with momentum vectors normal 
to the barrier, because tunnelling probability decreases rapidly when 
the momentum vectors deviate from the barrier-normal direction. 
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Figure 2 Tunnel magnetoresistance of Fe(001)/MgO(001)/Fe(001) junctions. 
a, Magnetoresistance curves (measured at a bias voltage of 10 mV) at T = 293 K 
and 20 K (MgO thickness tMgO = 2.3 nm). The resistance–area product RA plotted 
here is the tunnel resistance for a 1 ! 1 µm area. Arrows indicate magnetization 
confi gurations of the top and bottom Fe electrodes. The MR ratio is 180% at 
293 K and 247% at 20 K. b, RA at T = 20 K (measured at a bias voltage of 10 mV) 
versus tMgO. Open and fi lled circles represent parallel and antiparallel magnetic 
confi gurations. The scale of the vertical axis is logarithmic. c, MR ratio at T = 293 K 
and 20 K (measured at a bias voltage of 10 mV) versus tMgO.
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Some applications
5

Novolatile memories Field sensors

Microwave oscillators Logic
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current along the tracks (Fig. 1b), achieving high storage densities 
without mechanical motion. In this field, the technical challenges 
are the control of coherent motion of the spin textures along the 
track without pinning, at high speed and low current.

Magnetic sensors
In the past 10–15 years, spintronic magnetic field sensors based on 
the TMR effect have been gradually replacing technologies based 
on giant magnetoresistance (GMR), anisotropic magnetoresistance 
(AMR), and conventional Hall effect, offering higher output and 
signal-to-noise ratio (SNR), good thermal stability, compatibility 
with CMOS integration, reduced cost, and small feature sizes (< 1 
mm2; refs. 58–63). These sensors have applications in areas such as the 
automotive sector (for example, angular, speed, current and posi-
tion sensors), industry 4.0 (for example, current and power sensors, 
linear and angular encoders, and scanners), and consumer elec-
tronics (for example, three-dimensional (3D) magnetometers and 
digital compasses). Novel low-power, reliable devices on silicon or 
flexible substrates58,60 have also found application in the emerging 
Internet of Things (IoT) and biomedical sectors.

A typical TMR stack consists of several layers (buffer/AF/SAF/
MgO/FL/cap)59,60. In particular, the antiferromagnetic (AF) layer is 
coupled to the pinned layer in the synthetic antiferromagnet (SAF) 
via exchange bias. The free layer (FL) on MgO is the sensing layer 
that responds to an external magnetic field, which can range from 
few mT to hundreds of mT. These sensors have TMR values up to 
200%, resistance-area (RA) products from few hundred ! "m2 to 
several k! "m2, temperature coefficients from 500 ppm °C–1 to few 
thousand ppm °C–1, operation frequencies from d.c. to hundreds of 
MHz, and detectivities of a few hundred pT in d.c. (ref. 62). Hybrid 
architectures (for example, magnetic flux guides) can achieve detec-
tivities around 10–20 pT at 10 Hz, and below 1 pT under white 
noise63. For applications, the MTJ sensor needs to be integrated in a 
Wheatstone bridge, to ensure a null output in the absence of exter-
nal excitation. Figure 2 shows an example of a TMR-based probe 
system that can detect defects in metal surfaces (non-destructive 
testing (NDT)).

In the automotive industry, magnetic sensors are used in 
anti-lock braking systems (ABS), drive by wire, engine manage-
ment, and electronic stability programs (ESP). Although devices 
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Fig. 1 | Nonvolatile magnetic memories. a, Modification of the memory hierarchy by spintronic solutions where main markets are embedded cache 
memories (L1–4) and possibly extending to in-memory computing and logic applications, and standalone memories opportunities markets for 
intermediate memory layers (DRAM, storage class) and storage applications requiring high density and low power. b, MRAM architectures considered. 
Two terminal spin transfer torque (STT), fast and dense but limited to 5–10 ns write latencies. It is actively developed by major actors of semiconductor 
industry and in production. Voltage control of magnetic anisotropy (VCMA) that is foreseen as a future of STT as it combines low energy and ns write 
latencies. Three terminal spin-orbit torque (SOT) that operates at sub-ns regimes with high endurance. Racetrack memory concept that relies on fast 
domain wall motions under SOT current for high density memories or spin logic applications. c, Transmission electron microscopy (TEM) cross section 
of a field-free SOT memory cell where write current is injected from BE1 to BE2 and read from TE to BE2. d, probability of switching as a function of the 
injected voltage for a 50 nm SOT-MRAM memory cell. Iw, write current; Ir, read current. Credit: c,d, IMEC.

Table 1 | Comparison of the properties of volatile memory technologies and perpendicular STT-MRAM and SOT-MRAM at advanced 
CMOS technology nodes (7 nm and 5 nm)

DRAM 10! 
(ref. 151)

HP-SRAM 5 nm  
(ref. 152)

HD-SRAM 5nm  
(ref. 152)

HD-SRAM 7 nm  
(ref. 152)

pSTT 35 nm WER 
1e9 / 1e6 (ref. 47)

SOT 35 nm 
(ref. 47)

Techn./node 10x 5 nm 5 nm 7 nm 5 nm 5 nm
Write energy/bit (fJ) 89 19 76 70 <500 / 375 75
Read energy/bit (fJ) 58 17 55 50 60 /52 15
Write latency (ns) 10 >1 2.75 2.5 <10 / 7.5 1.2
Read latency (ns) 10 >1 2.5 2.2 3.5 / 3.5 1

Cell size (µm2) 0.0026 0.034 0.0267 0.0422 0.014 / 0.009 0.0282
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focused on implementing the spin degrees of freedoms in analogues 
to conventional semiconductor devices90. Such devices, however, are 
based on dilute magnetic semiconductors with Curie temperatures 
below room temperature, which limits their practical potential.

Current status. Numerous spintronic concepts for digital Boolean 
logic have been reported based on spin currents91,92, nanomagnets 
(Fig. 4a)93–95, magneto-electric spin–orbit (MESO) logic (Fig. 4b)96,  
exchange-driven magnetic logic (Fig. 4c)95, domain walls,97–99  

skyrmions,100 and spin waves (Fig. 4c,d)101–104. Spin currents can 
replace charge currents in logic switches and gates,91,92 and infor-
mation can be encoded in the polarization of the spin current. 
Decoupling spin currents from charge currents could potentially 
result in a large reduction of the energy dissipation. Materials with 
weak spin–orbit interaction, such as graphene, provide sufficiently 
long spin lifetimes at room temperature to make these devices prac-
tical105, though an experimental demonstration of logic operation is 
still lacking.
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see B Dieny et al, Nat Electron 3, 446 (2020)
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Transport in metals: Free electron model
6

‣ Conduction electrons:


- valence electrons that move freely through volume of metal 
- do not feel metallic ions, form uniform gas  
- Subject to Pauli exclusion principle (Fermi statistics) 

‣ Consider 1D model for N electron gas

H�n = � �2
2m

d2�n

dx2
= ⇥n�n

p = �i� d

dx
H =

p2

2m

⇤n = A sin

�
2⇥

�n
x

⇥

�n(0) = �n(L) = 0

Infinite potential energy barriers, 
standing wave solutions

Free particle 
Hamiltonian

1D Schrödinger eq.

Box, length L

⇥n =
�2
2m

�n�
L

⇥2

Fermi energy

⇥F =
�2
2m

�
N�

2L

⇥2

2nF = N

Spin degeneracy
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Free electron model
7

H�n = � �2
2m

⇥2�n = ⇥n�n

p = �i�⇥ H =
p2

2m

‣ Simple generalization to 3D

L

k
Fermi sphere

�F =
�2
2m

k2F k = 2⇥/�

kF =

�
3�2N

V

⇥1/3

⇥F =
�2
2m

�
3�2N

V

⇥2/3

(kx, ky, kz) (2�/L)3‣ One k state                     in volume element

Fermi energy defined 
by Fermi sphere
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Electrical conductivity, Ohm’s law
8

‣ Momentum of free electron is given by


‣ In an electric field E and a magnetic field B, force acting on charge is

mv = �k

F = m
dv

dt
= �dk

dt
= �e (E+ v ⇥B)

‣ In E field alone, Fermi surface is displaced at a rate of �k = �eE�t/�
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Electrical conductivity, Ohm’s law
9

‣ Displacement of Fermi surface can be maintained at a constant value at steady 
state because of collisions 
e.g. scattering with phonons, lattice impurities 

‣ For a mean collision time, τ

54 B. J. Hickey et al.

f(k)

kx

1

(a)

ky

kx

(b)

Fig. 3.2. Schematic drawing of the distribution function in an applied electric field:
(a) change (shaded) in the Fermi function and (b) shift of the projected Fermi sphere.

It is made up of two terms, the first describing the fact that f is being driven away
from equilibrium as the electrons are accelerated by the electric field and the
second describing the relaxation back to equilibrium due to scattering processes.
Below we shall show how this simple expression can be used to calculate the
conductivity in a simple free electron model, in more complex models and in
thin films.

Let’s start by looking at the simple free electron case since this will help us
to understand some basic ideas. Thus

df

dt

!

!

!

field
=

df

dkx

dkx

dt
=

df0

dkx

eE
!

; (3.4)

the last step arises as dk/dt is simply related to the rate of change of momentum
and so to the accelerating force on the electrons due to the electric field, E . Here
we have allowed the electron charge e to include its sign. In the last step we have
only kept the derivative of f0 in order to keep terms linear in E . The next step
is to change the derivative with respect to k to one with respect to energy using
the free electron relationship E = !2k2/2m:

df

dt

!

!

!

field
= ! df0

dE
!xeE . (3.5)

v = �eE�

m

‣ The electric current density then is

j = nqv =
ne2�E

m
j = �E � =

ne2⇥

m

‣ Define mean-free path as l = vF �

t (fs) @ 273 K vF (x 106 ms-1) l (nm) @ 273 K

Cu 27 1.57 42
Au 30 1.4 56
Fe 2.4 1.98 4.8

Ohm’s law � = 1/⇥

Drude
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Nearly-free electron gas
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‣ Account for periodic lattice of background metallic ions - periodic potential 

‣ Electrons in weak periodic potential are nearly free 

‣ Solution to Schrödinger equation are Bloch functions

�k(r) = uk(r) exp(ik · r)

‣ Degeneracies at the Bragg plane are lifted by the perturbations due to potential: 
band gaps appear

plane 
waves

describes lattice 
periodicity
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Fermi surfaces
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‣ Fermi surface is surface in k space of constant energy equal to the Fermi energy


‣ It separates filled states from empty states at absolute zero


‣ Shape of Fermi surface determines electrical properties,  
i.e., currents are due to changes in occupancy near this surface


‣ Account for crystal symmetry (cf band structure, nearly-free electron model)

fcc Brillouin zone fcc free electron bands calculated surface for Cu
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Fermi surfaces and conductivity
12

‣ Electrical conductivity is determined by how electrons 
respond to electric fields


Insulator: allowed energy bands are either empty or full 

Metal: One or more bands are partially filled 

‣ Metals: Conduction processes occur at Fermi surface

Insulator Metal Semiconductor

En
er

gy

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

4s 3d10 4s

Potassium Copper Aluminium

3s2 3p

http://www.phys.ufl.edu/fermisurface/
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Fermi surface - ferromagnetic metals
13

‣ Different Fermi surface for spin up and spin down electrons

3d6 4s2

bcc iron hcp cobalt

3d7 4s2

m
aj

or
ity

m
in

or
ity

Conduction not same 
for spin-up/down 
electrons


Spin-dependent 
transport processes
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Two-current model (Mott)
14

‣ Electrical resistance depends on Fermi velocities, density of 
states @ Fermi surface, etc.


‣ Nonmagnetic metals: Fermi surface is identical for spin-up 
and spin-down


‣ Ferromagnetic metals: different resistances for spin-up and 
spin-down channels


‣ Electrical conduction approximated as two independent 
spin-channels

R! != R"

↑

↓

bcc iron

j�,⇥ = ��,⇥E ��,⇥ =
ne2⇥�,⇥

m
Topical Review

Figure 1. Spin splitting of the density of states (!) 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 (La0.7Sr0.3MnO3)
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’.
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Two-current model
15

‣ Spin-mixing can occur, but rare (at low T) compared with spin-conserving 
scattering processes


‣ Spin-orbit interaction and electron-magnon scattering can lead to spin flips 
(Question: Why? Which symmetry principles underlie these processes?)

Hso =
�2

2m2c2r

dV

dr
L · S

‣ Deviations to Matthiessen’s rule in such cases

� =
���⇥

�� + �⇥
no mixing

with mixing

��

��/2

��/2

��

��/2

��/2

1

�
=

1

�1
+

1

�2
+ · · ·

� =
���⇥ + ��⇥(�� + �⇥)

�� + �⇥ + 4��⇥
��⇥
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Giant magnetoresistance
16

‣ Giant magnetoresistance effect is an important manifestation of spin-dependent 
transport


‣ Electrical resistance of a metallic magnetic multilayer depends on the relative 
orientation of the constituent layer magnetizations

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

I

Antiferromagnetically 
coupled layers

Current applied in the film plane: 
“CIP”-GMR

RAP > RP
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Giant magnetoresistance
17

‣ GMR is an interface effect (thin films important)


‣ Appears in both current-in-plane (CIP) and current-
perpendicular-to-plane (CPP) geometries


‣ Resistance variation of order of a few percent

CIP
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‣ How can we understand the giant magnetoresistance based on what we’ve learnt 
about spin-dependent transport?


‣ Consider how electrons propagate through parallel and antiparallel alignment of 
magnetization in a superlattice structure

P AP

‣ Basic resistor model tells us that there ought to be a difference in the overall 
resistance of the two configurations

spin up

spin down

resistor 
network 
model
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‣ An equivalent resistor model is a good starting point. Let’s naively suppose that 
we can just combine spin-up and spin-down resistances. 
 
e.g., CPP GMR in trilayer

��

����

�� AP state

�AP =
�� + �⇥

2

�� ��

�� ��

P state

�P =
2���⇥
�� + �⇥

�⇥

⇥AP
=

�
⇥� � ⇥⇥
⇥� + ⇥⇥

⇥2

=

�
�� 1

�+ 1

⇥2

� =
⇥�
⇥⇥

spin asymmetry parameter

The ratio is referred to as the !-parameter. !-Parameters for TM impurities in
Fe are presented in Figure 2.3. We can see that !-parameter strongly depends on
the species of the impurity atoms. In the next sections, we show how the material
dependence of the !-parameter is related to the electronic states of ferromagnets.

2.2.3 Spin-Dependent Resistivity in TM Alloys

The spin dependence of " caused by impurity scattering of electrons in ferromag-
netic metals may be evaluated by using the formula:

"21
s 5 !2#=h̄"NiV

2
s Ds!EF" !2:2"

which is given by the Born approximation, where Ni, Vs, and Ds!EF" are the impu-
rity density, scattering potential, and DOS at the Fermi energy EF, respectively.
Here, both Vs and Ds!E" are spin (s5m or k) dependent. Equation (2.2) indicates
that the lifetime becomes short as the scattering potential becomes large and the
number of final states of the scattering process increases.

Let us consider TM impurities in Fe. The impurities give rise to a spin-
dependent potential Vs in Fe even when the impurity is nonmagnetic, since the
DOS Ds!E" of Fe is spin dependent. Since Dm!EF"BDk!EF" for ferromagnetic Fe,
the spin dependence of the lifetime is caused mainly by Vs.

The magnitude of Vs may be evaluated crudely by assuming that the DOS of
TM impurities are unchanged from the bulk case and that the number of d-
electrons and magnetic moment impurities are also unchanged from those of the
bulk state. The latter assumption may be validated from the charge neutrality con-
dition and from neutron diffraction measurements of local moments in ferromag-
netic alloys. On the other hand, the former assumption is believed to be truly
crude.

Under these assumptions, Vs is given by the relative shift of the d-level of impu-
rities with respect to that of Fe, since the Fermi level (or the chemical potential)
for TM impurities and Fe metal should coincide. The values of !V$s 5V$s 2VFe0
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Figure 2.3 Experimental values of
!-parameters for 3d, 4d, and 5d TM
impurities in Fe [23,24].
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Novel Magnetoelectronic Materials and Devices – Reinder Coehoorn 
Lecture Notes TU/e 2001-2002.                           67                        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.5. Spin-dependent electrochemical potentials near the interface, at z=0, between two 
identical ferromagnetic metals with antiparallel magnetizations. The electron current is 
positive (so that j<0). In the regions z<0 and z>0 α1= 2/3 and α2=(1-α1)=1/3, respectively. 
The dashed lines represent the extrapolations of the electrochemical potentials from the 
regions |z|>>Λsd to z=0. 
 

Fig. 4.4(a). Equivalent resistor circuit for a system with two magnetic layers with a 
thickness t (t>>Λsd,1 and t>Λsd,2), with only spin flip scattering in the bulk of the layers; (b) 
equivalent resistor circuit for an identical system with only (full) spin relaxation at the 
interface. The parameters are as defined in the text. The red resistors represent the interface 
resistance. The effective interface resistance, as given by eq. (4.53) is equal to the difference 
of the resistances of both circuits. 
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scattering

Interface resistances

‣ Take into account bulk spin-flip scattering and interface 
resistances with additional elements in the circuit

Valet & Fert, Phys Rev B 48, 7099 (1993)
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‣ Recall: spin-up and spin-down electrons do not have the same Fermi surface in 
ferromagnetic metals 
e.g. asymmetry leads to different scattering rates at interfaces


‣ In magnetic tunnel junctions, a thin insulating layer separates ferromagnetic 
electrodes


‣ Transport through this insulating layer is by quantum tunnelling


‣ Tunnelling for spin-up and spin-down electrons is also asymmetric!

metallic 
ferromagnet

insulator 
(e.g. oxides)

metallic 
ferromagnet

EF
EF
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‣ Similarly to all metallic case, transport through insulator layer is spin-dependent 
i.e. spin-up and spin-down electrons do not see the same barrier height


‣ Tunnel magnetoresistance (TMR) describes tunnelling resistance that depends 
on relative magnetization orientation (e.g., of a trilayer system)

LETTERS

nature materials | VOL 3 | DECEMBER 2004 | www.nature.com/naturematerials 869

by using molecular beam epitaxy (MBE) and microfabrication 
techniques (see Methods). Cross-sectional transmission electron 
microscope (TEM; Hitachi H-9000NAR) images of an MTJ with 
tMgO = 1.8 nm are shown in Fig. 1. Single-crystal lattices can be 
identifi ed in the images. The lattice image for MgO(001) (Fig. 1b) 
illustrates that the lattice spacing is elongated along the [001] axis by 
5% and is compressed along the [100] axis by 1.2% compared with 
the lattice of bulk MgO. Although the MgO lattice is compressed 
along the [100] axis to match the Fe lattice, the in-plane lattice 
constant of MgO is still 2.5% larger than that of bulk Fe. This lattice 
mismatch is relaxed by dislocations formed at the interfaces (see 
Fig. 1b). More dislocations are observed at the lower interface than at 
the upper interface. This is because the lattice of the top Fe electrode 
is expanded by 1.9% along the [110] axis to match the MgO lattice.

The magnetoresistance at bias voltages up to 1,300 mV was 
measured at 293 K and 20 K by using the d.c. four-probe method. 
The bias direction was defi ned with respect to the top Fe electrode. 
Typical magnetoresistance curves for the Fe/MgO/Fe/IrMn MTJ 
at 293 K and 20 K are shown in Fig. 2a. At 293 K the MTJ has an 
MR ratio of 180%, which is more than twice the highest room-
temperature MR ratio reported to date13. Resistance of the MTJ 
for a 1 ! 1 µm area (resistance–area product RA) is plotted as a 
function of tMgO in Fig. 2b. Its exponential increase as a function of 
tMgO is typical of ideal tunnel junctions14. According to the Wenzel–
Kramer–Brillouin (WKB) approximation, the slope of the log(RA) 
versus tMgO plot corresponds to 4"(2m!)1/2/h, where m, ! and h are, 
respectively, the electron mass, the potential barrier height (energy 
difference between the Fermi level and the bottom of the conduction 
band in the tunnel barrier), and Planck’s constant15. The slope 
yields a barrier height ! of 0.39 eV. Simmons’ equations for I–V 
characteristics15 yield ! = 0.37–0.40 eV. The barrier height of our 
MTJs is considerably lower than the values in the literature9,10, which 
should be due to the oxygen vacancy defects in MgO (see Methods). 
Oxygen vacancies in MgO can form charge-neutral gap states 
(F-centres) about 1.2 eV below the bottom of conduction band16, 
which raises the Fermi level above the vacancy states and makes 
the barrier height lower than 1.2 eV. It should be noted that the 
barrier height of an ideal MgO tunnel barrier9 (3.7 eV) is too high 
for the device applications. It should also be noted that for an Al–O 
tunnel barrier, a lower barrier height yields a lower MR ratio17. It is 
surprising that in Fe/MgO/Fe MTJs, there is an enormous TMR effect 
despite the low barrier height. This is very favourable in applications 
because both a low RA and a high MR ratio can be achieved. 
Fe/MgO/Fe MTJs with RA values ranging from 300 to 10,000 # µm2, 
which are desirable for MRAMs, have huge MR ratios over 150% 
at room temperature.

The dependence of the MR ratio on tMgO gives valuable information 
on the physical mechanism of the TMR effect. According to theoretical 
calculations7,8, the MR ratio increases with increasing tMgO. This can be 
understood as follows. When the tunnel barrier is thick, the tunnelling 
current is dominated by electrons with momentum vectors normal 
to the barrier, because tunnelling probability decreases rapidly when 
the momentum vectors deviate from the barrier-normal direction. 
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Figure 2 Tunnel magnetoresistance of Fe(001)/MgO(001)/Fe(001) junctions. 
a, Magnetoresistance curves (measured at a bias voltage of 10 mV) at T = 293 K 
and 20 K (MgO thickness tMgO = 2.3 nm). The resistance–area product RA plotted 
here is the tunnel resistance for a 1 ! 1 µm area. Arrows indicate magnetization 
confi gurations of the top and bottom Fe electrodes. The MR ratio is 180% at 
293 K and 247% at 20 K. b, RA at T = 20 K (measured at a bias voltage of 10 mV) 
versus tMgO. Open and fi lled circles represent parallel and antiparallel magnetic 
confi gurations. The scale of the vertical axis is logarithmic. c, MR ratio at T = 293 K 
and 20 K (measured at a bias voltage of 10 mV) versus tMgO.
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L232 T. Miyazaki, N. Tezuka /Journal of Magnetism and Magnetic Materials 139 (1995) L231-L234 

(B) at the Fermi surface. Slonczewski [9,10] also 
discussed the magnetic tunneling effect (he named 
first this effect magnetic-tunneling-valve effect) in 
the light of band theory and showed how the expres- 
sion for conductance ratio of Maekawa et al. may be 
modified by consideration of wave-function match- 
ing at the interfaces between sublayers. He also 
demonstrated the dependence of the tunneling con- 
ductance on the angle between the magnetizations of 
two magnetic layers. Eq. (1) shows that the relative 
conductance ratio (magnetoresistance ratio) is pro- 
portional to the product of spin polarization of the 
tunneling electrodes. The spin polarization of elec- 
trons tunneling for Fe, Co, Ni, and Gd films was 
obtained experimentally by Tedrow and Meserbey 
[11]. The result suggests that the spin polarization of 
Fe, Co and Ni is proportional to their magnetic 
moments. Therefore, it is expected that a magnetic 
tunneling junction with a large magnetoresistance 
ratio can be formed by using a material with a large 
intensity of magnetization as magnetic electrodes. 

The iron electrodes and aluminum were prepared 
by electron beam evaporation and by rf sputtering, 
respectively. First, a 1000 A thick Fe layer was 
evaporated in a form of 1 ! 15 mm z onto a glass 
substrate kept at 200°C in order to reduce the mag- 
netic anisotropy and/or  coercive force. The pressure 
during evaporation was approximately 1 ! 10 -6 
Torr. Then, a 55 A thick A1 layer was sputtered onto 
the center of the Fe film in a circular form with a 5 
mm diameter. The system base pressure was lower 
than 1 X 10 -6 Torr and the Ar sputtering gas pres- 
sure was 1.5 mTorr. Typical growth rate was 5.6 
A / s .  The aluminum was oxidized in air at room 
temperature for 24 h. On the A120 3 layer, a 1000 
thick Fe layer was formed in the rectangular shape of 
1 ! 15 mm 2 perpendicular to the long axis of the 
first Fe film. In this case the substrate was kept at 
room temperature. In this way we can vary the 
induced magnetic anisotropy and/or  coercive force 
for both iron electrodes. The experimental evidence 
of the different magnetic anisotropy will be shown in 
Fig. 2 and the magnetization curve explained. The 
magnetoresistance was measured by a dc four probe 
method in magnetic fields up to 200 Oe in the 
temperature range 4.2-300 K. The magnetization 
hysteresis curve was measured by a vibrating sample 
magnetometer. 
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Fig. 1. Resistance as a function of the magnetic field for 1000 ,~ 
Fe/AI203/1000 ,~ Fe junction. 

Fig. 1 shows the dependence of the resistance on 
the intensity of magnetic field at room temperature. 
The resistance increases sharply at +20  Oe and 
decreases gradually up to about +52  Oe, followed 
by a rapid decrease with further increase of the 
magnetic field. 

The magnetoresistance ratio A R / R  s is approxi- 
mately 18%, where AR is the resistance change 
from the antiparaUel to parallel magnetization and 
R s is the resistance at saturated magnetization. The 
value is one order higher than that reported previ- 
ously for other magnetic tunneling junctions. Here it 
should be noted that other samples prepared at the 
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Fig. 2. Hysteresis curve corresponding to the magnetoresistance 
curve in Fig. 1. 
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Miyazaki et al, J Magn Magn Mater 139, L231 (1995) Yuasa et al, Nat Mater 3, 868 (2004)



e-ESM
 2020: Fundam

entals of M
agnetism

 – Transport and spintronics – Kim
,JV

Quantum mechanical tunnelling
23

‣ In quantum physics, a particle can exist in or tunnel through a region where  
E < V0

V(x)
E

V0
DE�

� �2
2m

⇥2

⇥x2
+ V (x)

⇥
|�(x)⇥ = E|�(x)⇥

1D Schrödinger equation
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‣ Outside the barrier region, we have propagating plane waves

‣ Inside the barrier region, we have evanescent waves

Plane waves

Evanescent waves
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‣ Need to ensure continuity of wavefunction and its derivative at the interfaces

Aeqx +Be�qx

r: reflection coefficient

t: transmission 
coefficient

‣ Tunneling probability is given by probability of finding the particle in region 2

P = ��
2�2 = t�t = |t|2

Probability decreases 
exponentially as a 

function of the barrier 
width L

eikx + re�ikx

teikx

P � 16k2q2

(k2 + q2)2
e�2qL
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‣ What is the typical “penetration depth” into the barrier? q = ±
�

2m�E

�2

�E = 1 eV

m = m0 = 9.1� 10�31 kg

1

q
� 0.2 nm

‣ Therefore, to observe tunneling effects, one requires barrier widths to be on the 
nanometre scale.

STM
magnetic 

tunnel junction

insulator/
tunnel 
barrier
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Jullière, Phys. Lett. 54A, 225 (1975)

‣ 1. Assume no spin flips when electrons tunnel through barrier


- Two independent conduction channels for spin-up and spin-down 

- Tunneling of spin state from first film into second film is determined by unfilled 
states of same spin in second film 

‣ 2. Assume conductance G for a spin channel is given by the product of the 
effective density of states n of the two ferromagnetic electrodes 

G� = n�
Ln

�
R G = G� +G⇥

P =
n� � n⇥

n� + n⇥

TMR ⇥ RAP �RP

RP
=

2PLPR

1� PLPR

conductances

spin polarization
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‣ Large spin-polarization is needed for large TMR

Topical Review

Figure 1. Spin splitting of the density of states (!) 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 (La0.7Sr0.3MnO3)
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

‣ Assuming 50% spin polarization, Jullière’s model predicts TMR of ~67%

TMR ⇥ RAP �RP

RP
=

2PLPR

1� PLPR
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‣ High quality crystalline Fe/MgO/Fe: spin filtering based on band symmetry

!

Fe !
"1

Fe #
"2

MgO

MgO

Tunnel Junctions with DMSCs
Semiconductors are the essential materials for silicon-based technologies. Recently,
the field of semiconductor spintronics has been developed; it is concerned with ways
to control the spin degree of freedom of electrons in semiconductors [191]. One of
the most direct methods to introduce spin degrees of freedom in semiconductors is
to introduce magnetic ions into semiconductors. Such semiconductors are referred to
as magnetic semiconductors, or as DMSCs when the magnetic ions are diluted.

Basic research into DMSCs of II!VI compounds has been performed for dec-
ades [192]. However, their Curie temperatures are not sufficiently high for techno-
logical applications and they are not metallic. In the late 1990s, DMSCs of III!V
based compounds were successfully fabricated by introducing Mn ions and by
using a low-temperature MBE technique [193!195]; using this technique, it is pos-
sible to grow crystals in a nonequilibrium state, preventing Mn ions from precipita-
tion. The highest TC achieved at that time was 110 K for 5.5% Mn doped (GaMn)
As [196]. Recent fabrication techniques have succeeded in producing DMSCs of
II!VI compounds that have TC as high as approximately 200 K [197,198].

First-principles band calculations have shown that the electronic structure of
(GaMn)As is half-metallic. Thus, a high MR ratio might be expected for tunnel
junctions having electrodes made from (GaMn)As and a barrier of AlAs. The
experimental results for the resistivity as function of the external magnetic field
strength are shown in Figure 2.43[199]. Recently, MR ratios as high as 290% have
been reported [200].

Table 2.4 TMR Ratios Observed Using MgO Barrier with CoFeB and/or Heusler Alloys

Junctions MR Ratios (%) References

LT RT

CoFeB/MgO/CoFeB 1010 500 [185,186]
Co2Cr0.6Fe0.4/MgO/Co50Fe50 317 109 [187]
Co2FeAl0.5Si0.5/MgO/Co2FeAl0.5Si0.5 390 220 [188]
Co2MnGe/MgO/Co50Fe50 376 160 [189]
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Figure 2.43 Experimental
results for the TMR effect in
tunnel junctions made of
(GaMn)As [199].
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by using molecular beam epitaxy (MBE) and microfabrication 
techniques (see Methods). Cross-sectional transmission electron 
microscope (TEM; Hitachi H-9000NAR) images of an MTJ with 
tMgO = 1.8 nm are shown in Fig. 1. Single-crystal lattices can be 
identifi ed in the images. The lattice image for MgO(001) (Fig. 1b) 
illustrates that the lattice spacing is elongated along the [001] axis by 
5% and is compressed along the [100] axis by 1.2% compared with 
the lattice of bulk MgO. Although the MgO lattice is compressed 
along the [100] axis to match the Fe lattice, the in-plane lattice 
constant of MgO is still 2.5% larger than that of bulk Fe. This lattice 
mismatch is relaxed by dislocations formed at the interfaces (see 
Fig. 1b). More dislocations are observed at the lower interface than at 
the upper interface. This is because the lattice of the top Fe electrode 
is expanded by 1.9% along the [110] axis to match the MgO lattice.

The magnetoresistance at bias voltages up to 1,300 mV was 
measured at 293 K and 20 K by using the d.c. four-probe method. 
The bias direction was defi ned with respect to the top Fe electrode. 
Typical magnetoresistance curves for the Fe/MgO/Fe/IrMn MTJ 
at 293 K and 20 K are shown in Fig. 2a. At 293 K the MTJ has an 
MR ratio of 180%, which is more than twice the highest room-
temperature MR ratio reported to date13. Resistance of the MTJ 
for a 1 ! 1 µm area (resistance–area product RA) is plotted as a 
function of tMgO in Fig. 2b. Its exponential increase as a function of 
tMgO is typical of ideal tunnel junctions14. According to the Wenzel–
Kramer–Brillouin (WKB) approximation, the slope of the log(RA) 
versus tMgO plot corresponds to 4"(2m!)1/2/h, where m, ! and h are, 
respectively, the electron mass, the potential barrier height (energy 
difference between the Fermi level and the bottom of the conduction 
band in the tunnel barrier), and Planck’s constant15. The slope 
yields a barrier height ! of 0.39 eV. Simmons’ equations for I–V 
characteristics15 yield ! = 0.37–0.40 eV. The barrier height of our 
MTJs is considerably lower than the values in the literature9,10, which 
should be due to the oxygen vacancy defects in MgO (see Methods). 
Oxygen vacancies in MgO can form charge-neutral gap states 
(F-centres) about 1.2 eV below the bottom of conduction band16, 
which raises the Fermi level above the vacancy states and makes 
the barrier height lower than 1.2 eV. It should be noted that the 
barrier height of an ideal MgO tunnel barrier9 (3.7 eV) is too high 
for the device applications. It should also be noted that for an Al–O 
tunnel barrier, a lower barrier height yields a lower MR ratio17. It is 
surprising that in Fe/MgO/Fe MTJs, there is an enormous TMR effect 
despite the low barrier height. This is very favourable in applications 
because both a low RA and a high MR ratio can be achieved. 
Fe/MgO/Fe MTJs with RA values ranging from 300 to 10,000 # µm2, 
which are desirable for MRAMs, have huge MR ratios over 150% 
at room temperature.

The dependence of the MR ratio on tMgO gives valuable information 
on the physical mechanism of the TMR effect. According to theoretical 
calculations7,8, the MR ratio increases with increasing tMgO. This can be 
understood as follows. When the tunnel barrier is thick, the tunnelling 
current is dominated by electrons with momentum vectors normal 
to the barrier, because tunnelling probability decreases rapidly when 
the momentum vectors deviate from the barrier-normal direction. 
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Figure 2 Tunnel magnetoresistance of Fe(001)/MgO(001)/Fe(001) junctions. 
a, Magnetoresistance curves (measured at a bias voltage of 10 mV) at T = 293 K 
and 20 K (MgO thickness tMgO = 2.3 nm). The resistance–area product RA plotted 
here is the tunnel resistance for a 1 ! 1 µm area. Arrows indicate magnetization 
confi gurations of the top and bottom Fe electrodes. The MR ratio is 180% at 
293 K and 247% at 20 K. b, RA at T = 20 K (measured at a bias voltage of 10 mV) 
versus tMgO. Open and fi lled circles represent parallel and antiparallel magnetic 
confi gurations. The scale of the vertical axis is logarithmic. c, MR ratio at T = 293 K 
and 20 K (measured at a bias voltage of 10 mV) versus tMgO.
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‣ MgO is also good tunnel barrier 
for Co-based alloys
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‣ Let’s try to go a little further beyond the two-current model. Recall:

j�,�(x) =
��,�
e

�µ�,�(x)

�x

‣ Express current in terms of spin-dependent conductivity and electrochemical 
potential:

↑

↓

j�,⇥ = ��,⇥E ��,⇥ =
ne2⇥�,⇥

m

Topical Review

Figure 1. Spin splitting of the density of states (!) 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 (La0.7Sr0.3MnO3)
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

��� � ��,�
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‣ Let’s take a closer look at spin transport near ferromagnet/normal metal interface
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connected to the crossing points of two perpendicular arrays of 
parallel conducting lines. For writing, current pulses are sent 
through one line of each array, and only at the crossing point of 
these lines is the resulting magnetic !eld high enough to orient 
the magnetization of the free layer. For reading, the resistance 
between the two lines connecting the addressed cell is measured. 
In principle, this cross point architecture promises very high 
densities. In practice, the amplitude of magnetoresistance remains 
too low for fast, reliable reading because of the unwanted current 
paths as well as the direct one through the addressed cell. So, 

realistic cells add one transistor per cell, resulting in more 
complex 1T/1MTJ cell architectures such as the one represented 
in Fig. 5b. Several demonstrator circuits were rapidly presented by 
most leading semiconductor companies, culminating with the !rst 
MRAM product, a 4-Mbit stand-alone memory33 commercialized 
by Freescale in 2006 (Fig. 5c), and voted ‘Product of the Year’ by 
Electronics Products Magazine in January 2007.

"e MRAM potentially combines key advantages such as non-
volatility, in!nite endurance and fast random access (down to 5 ns 
read/write time34) that make it a likely candidate for becoming the 
‘universal memory’, one of the chief aims of nanoelectronics. Such 
a memory is able to provide data/code (Flash, ROM) and execution 
(DRAM, SRAM) storage using a single memory technology on 
the same die. Moreover, in June 2007 Freescale introduced a new 
version able to work in the expanded temperature range of –40 °C to 
105 °C, thus qualifying for military and space applications where the 
MRAM will also bene!t from the intrinsic resistance to radiation of 
magnetic storage.  

NANOMAGNETISM

Progress in spin electronics cannot be separated from the 
development of ‘nanomagnetism’. In particular, the engineering 
of magnetic properties at atom level in multilayers was developed 
in parallel with GMR and helped to make it possible. Improved 
knowledge of the role of interface e#ects, and the use of the layer 
thickness as a parameter, led to the development of arti!cial 
magnetic materials with !nely tuned new properties. "is had a 
direct impact on spin storage.

"e magnetic storage of binary information requires the 
engineering of an energy barrier between two opposite orientations 
of the magnetization, able to stop thermally excited reversals35. "is 
‘magnetic anisotropy’ has several competing origins. "e strongest 
one is usually the shape anisotropy due to the dipole–dipole 
magnetic interaction, which induces the well-known in-plane easy 
magnetization of thin !lms. But the main e#ect used in recording 
is the magnetocrystalline anisotropy, an atomic e#ect correlated to 
the symmetry of the immediate atomic environment. "e interface 
anisotropy, initially proposed by Néel36, takes advantage of the break 
in translational symmetry at an interface to generate giant magnetic 
anisotropies, able to overcome the shape anisotropy and induce a 
stable perpendicular magnetization axis (PMA) in ultrathin !lms 
and multilayers. "is PMA was !rst observed in 1967 on single-
atomic-layer !lms37, and achieved in 1985 in Co/Pd multilayer38 and 
Au/Co/Au !lms39 with more practical thicknesses. New materials 
could even be predicted from ab initio calculations40. PMA is now 
used for recording media in the ‘perpendicular’ HDD introduced 
by Seagate, Hitachi and Toshiba in 2005–06, which helped to restore 
the present 40% growth rate a$er the slow-down experienced 
in 2003–04.

Exchange bias is another crucial e#ect linked to an interface, 
here between a ferromagnetic and antiferromagnetic layer: the 
antiferromagnetic layer has no net magnetic moment that could 
be sensitive to an applied !eld, but may retain a large magnetic 
anisotropy, which, transferred to the ferromagnetic layer through 
interfacial exchange interaction, contributes to stabilizing the 
orientation of its magnetization. "is is also an old story41, but with 
progress in interface control42 it gained wide application in the spin 
valve and magnetic tunnel junctions for pinning the magnetization of 
the reference magnetic layer. And it can also be used in a new kind of 
MRAM43, or to !ght thermal excitations of magnetic nanoparticles44 
for future storage.

"e growing structural quality of interfaces has led to the 
spin-dependent quantum con!nement of the electrons in metallic 
ultrathin layers. Together with interfacial band hybridization this 

Current spin polarization =
( jup – jdown)/( jup +jdown)
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Figure 3 Spin accumulation. Schematic representation of the spin accumulation 
at an interface between a ferromagnetic metal and a non-magnetic layer, adapted 
from ref. 132. a, Spin-up and spin-down current far from an interface between the 
ferromagnetic and nonmagnetic conductors (outside the spin-accumulation zone). 
LF

sf and LN
sf are, respectively, the spin diffusion lengths in the ferromagnetic and 

non-magnetic layers. b, Splitting of the Fermi levels EFup and EFdown at the interface. 
The dashed green arrows symbolize the transfer of current between the two 
channels by the unbalanced spin flips caused by the out-of-equilibrium spin-split 
distribution, which governs the depolarization of the electron current between the 
left and the right. With the current in the opposite direction, there is an inversion of 
the spin accumulation and opposite spin flips, which polarizes the current across 
the spin-accumulation zone. c, Variation of the current spin polarization when 
there is an approximate balance between the spin flips on both sides (metal/metal) 
and when the spin flips on the left side are predominant (metal/semiconductor, 
for example). The current densities for spin-up and spin-down electrons are jup 
and jdown, respectively.

‣ Transition from spin polarized current in F to unpolarized current in NM occurs 
over finite distance around interface


‣ Concept of spin electrochemical potential, μ

μ(x) = − eV(x) +
e2D

σ
n(x) j(x) =

σ
e

∂μ(x)
∂x



e-ESM
 2020: Fundam

entals of M
agnetism

 – Transport and spintronics – Kim
,JV

Electrochemical potential
31

μ(x) = − eV(x) +
e2D

σ
n(x) j(x) =

σ
e

∂μ(x)
∂x

( j = σE)

Electric 
potential

Particle 
density

Both potentials lead to 
current flow toward the right

‣ Assume spin-dependent conductivity and electrochemical potential

j�,�(x) =
��,�
e

�µ�,�(x)

�x
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‣ Transport across arbitrary multilayer can obtained using conservation conditions:
x

1. Conservation of current

�j

�x
=

�j�
�x

+
�j�
�x

= 0 � ��
e

�2µ�
�x2

+
��
e

�2µ�
�x2

= 0

2. Conservation of spin
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�x

� �j�
�x

= e
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3. Charge neutrality (screen is very efficient in metals)

nc = n� + n� = 0

Combining all these leads to equation for spin diffusion 

DF =
��D� + ��D�

�� + ��
DF

�2(µ� � µ�)

�x2
=
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‣ The previous result allows us to write the diffusion in 
a compact form

�2(µ� � µ�)

�x2
=

µ� � µ�
l2sf

Define spin accumulation as

�µ = µ� � µ�

Thus, spin accumulation is governed by a simple 
diffusive process

�2�µ

�x2
=

�µ

l2sf
�µ � e±x/lsf

Metal (300 K) lsf (nm) 
Cu 102-103

Au 60
Co ~38

Permalloy ~3
Bass & Pratt, J Phys: Condens Matter 9, 183201 (2007) 
(Check for updated values in the literature!)
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connected to the crossing points of two perpendicular arrays of 
parallel conducting lines. For writing, current pulses are sent 
through one line of each array, and only at the crossing point of 
these lines is the resulting magnetic !eld high enough to orient 
the magnetization of the free layer. For reading, the resistance 
between the two lines connecting the addressed cell is measured. 
In principle, this cross point architecture promises very high 
densities. In practice, the amplitude of magnetoresistance remains 
too low for fast, reliable reading because of the unwanted current 
paths as well as the direct one through the addressed cell. So, 

realistic cells add one transistor per cell, resulting in more 
complex 1T/1MTJ cell architectures such as the one represented 
in Fig. 5b. Several demonstrator circuits were rapidly presented by 
most leading semiconductor companies, culminating with the !rst 
MRAM product, a 4-Mbit stand-alone memory33 commercialized 
by Freescale in 2006 (Fig. 5c), and voted ‘Product of the Year’ by 
Electronics Products Magazine in January 2007.

"e MRAM potentially combines key advantages such as non-
volatility, in!nite endurance and fast random access (down to 5 ns 
read/write time34) that make it a likely candidate for becoming the 
‘universal memory’, one of the chief aims of nanoelectronics. Such 
a memory is able to provide data/code (Flash, ROM) and execution 
(DRAM, SRAM) storage using a single memory technology on 
the same die. Moreover, in June 2007 Freescale introduced a new 
version able to work in the expanded temperature range of –40 °C to 
105 °C, thus qualifying for military and space applications where the 
MRAM will also bene!t from the intrinsic resistance to radiation of 
magnetic storage.  

NANOMAGNETISM

Progress in spin electronics cannot be separated from the 
development of ‘nanomagnetism’. In particular, the engineering 
of magnetic properties at atom level in multilayers was developed 
in parallel with GMR and helped to make it possible. Improved 
knowledge of the role of interface e#ects, and the use of the layer 
thickness as a parameter, led to the development of arti!cial 
magnetic materials with !nely tuned new properties. "is had a 
direct impact on spin storage.

"e magnetic storage of binary information requires the 
engineering of an energy barrier between two opposite orientations 
of the magnetization, able to stop thermally excited reversals35. "is 
‘magnetic anisotropy’ has several competing origins. "e strongest 
one is usually the shape anisotropy due to the dipole–dipole 
magnetic interaction, which induces the well-known in-plane easy 
magnetization of thin !lms. But the main e#ect used in recording 
is the magnetocrystalline anisotropy, an atomic e#ect correlated to 
the symmetry of the immediate atomic environment. "e interface 
anisotropy, initially proposed by Néel36, takes advantage of the break 
in translational symmetry at an interface to generate giant magnetic 
anisotropies, able to overcome the shape anisotropy and induce a 
stable perpendicular magnetization axis (PMA) in ultrathin !lms 
and multilayers. "is PMA was !rst observed in 1967 on single-
atomic-layer !lms37, and achieved in 1985 in Co/Pd multilayer38 and 
Au/Co/Au !lms39 with more practical thicknesses. New materials 
could even be predicted from ab initio calculations40. PMA is now 
used for recording media in the ‘perpendicular’ HDD introduced 
by Seagate, Hitachi and Toshiba in 2005–06, which helped to restore 
the present 40% growth rate a$er the slow-down experienced 
in 2003–04.

Exchange bias is another crucial e#ect linked to an interface, 
here between a ferromagnetic and antiferromagnetic layer: the 
antiferromagnetic layer has no net magnetic moment that could 
be sensitive to an applied !eld, but may retain a large magnetic 
anisotropy, which, transferred to the ferromagnetic layer through 
interfacial exchange interaction, contributes to stabilizing the 
orientation of its magnetization. "is is also an old story41, but with 
progress in interface control42 it gained wide application in the spin 
valve and magnetic tunnel junctions for pinning the magnetization of 
the reference magnetic layer. And it can also be used in a new kind of 
MRAM43, or to !ght thermal excitations of magnetic nanoparticles44 
for future storage.

"e growing structural quality of interfaces has led to the 
spin-dependent quantum con!nement of the electrons in metallic 
ultrathin layers. Together with interfacial band hybridization this 
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Figure 3 Spin accumulation. Schematic representation of the spin accumulation 
at an interface between a ferromagnetic metal and a non-magnetic layer, adapted 
from ref. 132. a, Spin-up and spin-down current far from an interface between the 
ferromagnetic and nonmagnetic conductors (outside the spin-accumulation zone). 
LF

sf and LN
sf are, respectively, the spin diffusion lengths in the ferromagnetic and 

non-magnetic layers. b, Splitting of the Fermi levels EFup and EFdown at the interface. 
The dashed green arrows symbolize the transfer of current between the two 
channels by the unbalanced spin flips caused by the out-of-equilibrium spin-split 
distribution, which governs the depolarization of the electron current between the 
left and the right. With the current in the opposite direction, there is an inversion of 
the spin accumulation and opposite spin flips, which polarizes the current across 
the spin-accumulation zone. c, Variation of the current spin polarization when 
there is an approximate balance between the spin flips on both sides (metal/metal) 
and when the spin flips on the left side are predominant (metal/semiconductor, 
for example). The current densities for spin-up and spin-down electrons are jup 
and jdown, respectively.

Chappert et al, Nat Mater 6, 813 (2007)
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‣ Spin diffusion can be exploited in lateral 
geometries with spin valve effect

LETTERS
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A number of proposed next-generation electronic devices,
including novel memory elements1 and versatile transistor
circuits2, rely on spin currents, that is, the flow of electron
angular momentum. A spin current may interact with a magnetic
nanostructure and give rise to spin-dependent transport
phenomena, or excite magnetization dynamics1–11. In contrast
to a spin-polarized charge current, a pure spin current does
not produce any charge-related spurious eVects12,13. One way
to produce a pure spin current is non-local electrical-spin
injection12–18, but this approach has suVered so far from
low injection eYciency. Here, we demonstrate a significant
enhancement of the non-local injection eYciency in a lateral
spin valve prepared with an entirely in situ fabrication process.
Improvements to the interface quality and the device structure
lead to an increase of the spin-signal amplitude by an order
of magnitude. The generated pure spin current enables the
magnetization reversal of a nanomagnet with the same eYciency
as in the case of using charge currents. These results are
important for further theoretical developments in multi-
terminal structures2, but also with a view towards realizing novel
devices driven by pure spin currents.

In a vertical spin-valve nanopillar consisting of a
ferromagnet/non-magnet/ferromagnet trilayer, the magnetic
state can be switched between the antiparallel and the
parallel configurations by applying a charge current1–11. This
charge-current-induced magnetization switching (CIMS) is the
result of a direct transfer of spin angular momentum from the
spin current carried along the charge current to the localized
magnetic moment in the ferromagnet. Separation of the charge
and spin components raises the possibility of chargeless pure
spin-current-induced magnetization switching (pure spin CIMS).

The pure spin current transfers only spin angular momentum,
and thus provides an attractive means to manipulate the
magnetic state in magnetic nanostructures as well as a quiet
electrical background for experimental studies. The pure spin
current IS can be generated by the diVusion of the accumulated
spins12–20 in a metallic lateral spin-valve (LSV) structure with
non-local electrical spin injection, as shown in Fig. 1a. When
the spin accumulation at the interface between the permalloy
(Py) and Cu wires on the detector side is non-collinear to the
Py magnetization, the transverse component of the pure spin
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Figure 1 Sample structure. a, Schematic structure of a typical previously reported
LSV. b, Schematic structure of our present LSV. c, Scanning electron micrograph
taken during fabrication, showing a Cu wire with two Py/Au nanopillars. d, Scanning
electron micrograph of the finished sample. The non-local measurement geometry
is also shown in a and b, with I being the charge current and IS being the spin
current. For the sample shown in c and d, the Py nanomagnets in both the detector
and the injector nanopillars are 20 nm in thickness. The Cu wire is 170 nm in width
and 65 nm in thickness. The in-plane sizes of the two rectangular Py nanomagnets
are 80⇥170 nm2 and 75⇥170 nm2 respectively, and their long axes are
perpendicular to the Cu wire. The spins injected from the Py into the Cu are
accumulated at the interface and diffuse, which creates a pure spin current flowing
in the Cu wire and into the detector. Spin-dependent conduction in the detector
nanomagnet leads to a difference in the electrochemical potential between the Py
and Cu terminals. Therefore, a voltage V is measured, which is proportional to the
spin accumulation at the Cu/detector interface15.
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Non-local spin injection in lateral spin valves

Ndown(E) Ndown(E) Ndown(E) Ndown(E)Nup(E) Nup(E) Nup(E) Nup(E)

antiparallel

Figure 1. A NLSV consists of two ferromagnetic contacts
(F1 and F2) and a non-magnetic wire (N) connecting F1 and F2. The
band structure illustration of the spin injection and detection
processes are shown in the lower portion of the picture.

a lateral structure can be modulated by a ferromagnetic gate
through a spin mixing effect.

In this paper, we will describe spin transport in non-
local lateral spin valves. The non-local spin injection was
pioneered by Johnson and Silsbee [6] in bulk aluminium
stripes with permalloy (Py) injectors and detectors on top.
Recently, Jedema et al [7,8] demonstrated nanoscale non-local
spin valves (NLSV) patterned by electron beam lithography.
This effort was followed by a number of groups [9–17] using
different geometries, materials and interfaces.

Figure 1 illustrates the principles of an NLSV, which
consists of two laterally separated F layers (F1 and F2)
connected by a non-magnetic link (N). The band structures of
F1, N and F2 are shown in the lower portion of the picture. We
note that for simplicity a half-metallic band structure is used
to represent an ordinary ferromagnet. The injection current
flows from F1 into N, and is directed towards the left end of
the N stripe. Spin polarized electrons are driven from F1 into
N, and thus a non-equilibrium spin accumulation is induced
in N. The spin accumulation is manifested in the N band
structure as a splitting of the Fermi levels between spin-up
and spin-down electrons, as shown in figure 1. The magnitude
of the spin accumulation decays as it diffuses away from the
injection point, with a characteristic length known as the spin
diffusion length. Although the electric current flows in only
one direction in N away from F1, the spins diffuse in both
directions. This is evident from the diffusion equation of spin
accumulation:

!2!M = !M

"2
s

, (1)

where !M is the spin accumulation and "s is the spin diffusion
length. The decoupling of the charge current and the spin
current is a distinct feature of NLSV. To the right-hand side
of F1, there is no charge current, but spin accumulation and
a pure spin current exist. The pure spin current is a result of
self-diffusion.

The detector (F2) is utilized to measure the spin
accumulation. Depending on the relative orientations of the
detector spin and the spin accumulation, a voltage contrast can

Figure 2. (a) Scanning electron microscope picture of a Py/Au/Py
NLSV. (b) The spin signal of an NLSV with L = 150 nm.
(c) The spin signal as a function of injector–detector separation L.

be measured between F2 and N. When F2 is aligned parallel to
the spin accumulation, its Fermi level is aligned with the upper
Fermi level in N, and thus exhibits a high voltage. Otherwise a
low voltage is measured. The detector F2 is utilized as a spin-
sensitive voltmeter to selectively probe the spin-dependent
chemical potentials. The normalized voltage contrast has been
calculated [18, 19] to be

#R = #V

I
= P1P2"s$

A
e"L/"s , (2)

where P1 and P2 are the spin polarizations of the current across
the interfaces of F1/N and N/ F2, respectively, I is the charge
current shown in figure 1 (top left), $ is the resistivity of N, A

is the cross junction area of N, and L is the distance between
F1 and F2.

Our first experimental effort in NLSV is based on
Permalloy (Ni80Fe20 alloy) and Au. Figure 2(a) illustrates the
scanning electron microscope (SEM) picture of a Py/Au/Py
NLSV. To fabricate this structure, a 200 nm wide and
20 nm thick Au stripe is first made on a SiN-covered Si
wafer by electron beam lithography, sputtering and lift-off.
Subsequently, the 20 nm thick sputtered Py electrodes are
overlaid on the Au stripe in a second lithography step. The
choice of Au as the non-magnetic component is because
its surface is inert to oxidization. Therefore, the Py/Au
interfaces remain relatively clean after the two-step lithography
process. The Py injector and detector are 700 and 200 nm
wide, respectively. The different widths result in different
coercive fields. The non-local measurement configuration and
magnetic field direction are also shown in the figure. A 1 kHz
and 400 µA ac current is used for the spin injection, and a
lock-in amplifier is used to measure the in-phase component
of the voltage output.

The normalized spin signal V/I as a function of magnetic
field at 10 K for an NLSV with L = 150 nm is shown in
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Figure 2 Transport measurement results for the sample shown in Fig. 1c,d.

a, Non-local spin-valve signal as a function of magnetic field. b, Local spin-valve
signal as a function of magnetic field. AP: antiparallel; P: parallel. The measurement
geometry is drawn beside each graph.

current is absorbed on entering the detector. Therefore, in the
absence of a charge current, a spin-transfer torque could still be
exerted on the Py magnetization2,18. However, so far, reversible
magnetic switching similar to the CIMS has not been achieved
by using pure spin currents, mainly because of low spin-injection
eYciency. Usually the LSV is fabricated through two separate
processes for the ferromagnet and the non-magnet nanowires,
which inevitably introduces contamination or oxidation at the
ferromagnet/non-magnet interfaces, causing spin-flip scattering
and leading to the loss of the spin signal.

To improve the non-local spin injection eYciency, we have
fabricated the newly designed sample shown in Fig. 1b. The
injector and the detector are not nanowires but Py(Ni81Fe19)/Au
nanopillars whose constituents (Cu, Py and Au) are all deposited
successively in the same vacuum, yielding very clean interfaces.
The measured non-local spin-valve signal V/I is plotted in Fig. 2a
as a function of the magnetic field applied along the easy axis
of the Py nanomagnets. The sharp transitions in the non-local
spin-valve signal correspond to the magnetic switching of the Py
nanomagnets. The higher and the lower values of the non-local
spin-valve signal correspond to the parallel and antiparallel states
respectively. The diVerence in the non-local spin-valve signal
1V/I between antiparallel and parallel states is proportional to
the spin accumulation in the Cu wire. The observed 1V/I signal
is surprisingly large, ranging from 8 to 21 m� at 10 K for ten
samples fabricated in two batches. At room temperature, 1V/I
is reduced to approximately 1/3 of its value at 10 K. These values
are an order of magnitude larger than previously reported values in
Py/Cu LSVs with the same injector-to-detector separation12,13,15,16.
The giant non-local spin-valve signal indicates that giant spin
accumulation takes place in the Cu wire, demonstrating high
non-local spin injection eYciency. The main reason for this
large signal is the improved interface quality between the Py
and Cu, which minimizes the interfacial spin-flip scattering
that causes a suppression of the spin signal. By solving the
spin-diVusion equation21,22, the non-local spin signal is analytically
deduced as20

1V

I
=

P2
PyR2

SPy

2RSPy exp(d/lCu)+RSCu sinh(d/lCu)
, (1)
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Figure 3 Non-local spin injection results for a sample with 4-nm-thick Py

nanomagnet in the detector. a, Non-local spin-valve signal as a function of
magnetic field. b, The non-local spin signal as a function of injected d.c. current.
The loop starts at the initial parallel state A. c, The dependence of non-local
spin-valve signal on the magnetic field for the antiparallel state B shown in b.
d, The same measurement as b, but with an opposite initial parallel state A0.
The measurement geometry is drawn below the graphs.

where P, l and d are respectively the spin polarization factor, the
spin-diVusion length and the centre-to-centre distance between
the injector and detector, that is, the 270-nm distance shown in
Fig. 1c. RS is the spin resistance, defined as RS = 2⇢l/[(1� P2)S],
with the resistivity ⇢ and the eVective cross-sectional area S. Using
the materials parameters determined in our recent experiments20,
including the spin-diVusion lengths of 1,000 nm and 5 nm for Cu
and Py respectively, 1V/I is calculated as being 14.4 m� for
the sample shown in Fig. 1c,d. Despite some sample-to-sample
variation, the experimental results are in good agreement with the
theoretical calculation.

According to equation (1), a large value of S causes a
reduction of the non-local spin-valve signal 1V/I . Because of
the short spin-diVusion length of ⇠5 nm, S is the Cu/Py-interface
area for Py. As shown in Fig. 1b, in our present structure, S
is eVectively diminished. In addition, the inhomogeneous spin
current distribution observed in our previous LSVs (ref. 15) should
be diminished in the present structure. Therefore, in addition to
the clean interfaces, our particular structure also contributes to the
improved non-local spin signal.

For comparison, the local spin-valve signal measured between
contacts 2 and 4 by applying the current between contacts 1
and 3 is shown in Fig. 2b. The anisotropic magneto-resistance
eVect is visible in the curve. The resistance diVerence between the
antiparallel and parallel states is 32 m�, 1.7 times larger than the
non-local spin signal, in reasonable agreement with the factor of 2
predicted in ref. 13.

With the benefit of the highly improved non-local spin injection
eYciency, we now study magnetization switching induced by a pure
spin current. Because the spin transfer occurs near the interface1,23,
we reduce the Py thickness of the detector to 4 nm to minimize the
spin current necessary for the magnetization switching. Figure 3a
shows the non-local spin-valve signal as a function of the external
field for such a sample. The values of 1V/I for these samples are
around 4 m�, smaller than that in Fig. 2a, but still much larger
than previously reported values. The lower non-local spin-valve
signal is attributed to the fact that the Py thickness is reduced
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Single electron at N/F interface
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‣ Because the bands in the ferromagnet are spin-split, there is a spin-dependent 
step potential at the interface

‣ 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

Stiles & Zangwill, Phys Rev B 66, 014407 (2002)
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Single electron at N/F interface
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!in = eikxxeik||·r||
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incident wavefunction
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!
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‣ Assume constant effective mass 


‣ Apply usual quantum mechanical matching conditions across interface to obtain 
reflection and transmission coefficients

FN
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Spin currents
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Stiles & Zangwill, Phys Rev B 66, 014407 (2002)

‣ Let’s look at the spin current through this interface. What is conserved?
!

Q(r) = Re
!

i!!!

!"

i!(r) ŝ ! v̂ !i!!(r)

M
x

y
z

Qin
zx

+ Qref
zx

= Qtr
zx

longitudinal spin current

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



e-ESM
 2020: Fundam

entals of M
agnetism

 – Transport and spintronics – Kim
,JV

Spin transfer torques
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‣ 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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Slonczewski model of CPP torques
39

@M

@t
= ��0M⇥He↵ +

↵

Ms
M⇥ @M

@t
+ �je M⇥ (p⇥M)

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


‣ Important for micromagnetic states like domain walls, vortices, 
skyrmions


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

‣ In the drift-diffusion limit

�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

‣ 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
42

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

‣ 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

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

adiabatic nonadiabaticprecession damping

‣ Rearranging into a more suggestive form:

Convective 
derivative
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Spin-orbit coupling
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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

ESO ∼ L ⋅ S
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Spin-orbit coupling
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‣ Examples (often interesting for inducing perpendicular 
magnetic anisotropy – PMA): 


Pt | Co (0.4 - 1 nm) | AlOx 

(Ta, W, Hf) | CoFeB (1 nm) | MgO 

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

‣ Lack of inversion symmetry, allows for a class of spin-orbit 
interactions seen in two-dimensional systems,  
e.g. Rashba interaction

Wave vector dependent 
effective Rashba field

Rashba HamiltonianℋR = αR (σ × p) ⋅ ̂z

ℋel =
p2

2m
+ ℋR Free electron + Rashba
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Spin-orbit torques
45

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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Spin-orbit torques
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TSH = �SHje M⇥ (ŷ ⇥M)

‣ 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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Summary
47

Magnetism affects transport and vice versa 

Magnetoresistance and spin diffusion 
Spin polarized currents within two-current model 
Giant and tunnel magnetoresistance 
Lateral spin diffusion allows for “nonlocal” effects 

Spin transport torques 
Spin filtering at ferromagnet/normal metal interfaces 
Slonczewski model (CPP) 
Zhang-Li model (CIP) 
Spin-orbit torques 

N F2 N

<100 nm

M

F1 F2 (<5 nm)

N NN

Conduction
electrons

Co Cu Co
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connected to the crossing points of two perpendicular arrays of 
parallel conducting lines. For writing, current pulses are sent 
through one line of each array, and only at the crossing point of 
these lines is the resulting magnetic !eld high enough to orient 
the magnetization of the free layer. For reading, the resistance 
between the two lines connecting the addressed cell is measured. 
In principle, this cross point architecture promises very high 
densities. In practice, the amplitude of magnetoresistance remains 
too low for fast, reliable reading because of the unwanted current 
paths as well as the direct one through the addressed cell. So, 

realistic cells add one transistor per cell, resulting in more 
complex 1T/1MTJ cell architectures such as the one represented 
in Fig. 5b. Several demonstrator circuits were rapidly presented by 
most leading semiconductor companies, culminating with the !rst 
MRAM product, a 4-Mbit stand-alone memory33 commercialized 
by Freescale in 2006 (Fig. 5c), and voted ‘Product of the Year’ by 
Electronics Products Magazine in January 2007.

"e MRAM potentially combines key advantages such as non-
volatility, in!nite endurance and fast random access (down to 5 ns 
read/write time34) that make it a likely candidate for becoming the 
‘universal memory’, one of the chief aims of nanoelectronics. Such 
a memory is able to provide data/code (Flash, ROM) and execution 
(DRAM, SRAM) storage using a single memory technology on 
the same die. Moreover, in June 2007 Freescale introduced a new 
version able to work in the expanded temperature range of –40 °C to 
105 °C, thus qualifying for military and space applications where the 
MRAM will also bene!t from the intrinsic resistance to radiation of 
magnetic storage.  

NANOMAGNETISM

Progress in spin electronics cannot be separated from the 
development of ‘nanomagnetism’. In particular, the engineering 
of magnetic properties at atom level in multilayers was developed 
in parallel with GMR and helped to make it possible. Improved 
knowledge of the role of interface e#ects, and the use of the layer 
thickness as a parameter, led to the development of arti!cial 
magnetic materials with !nely tuned new properties. "is had a 
direct impact on spin storage.

"e magnetic storage of binary information requires the 
engineering of an energy barrier between two opposite orientations 
of the magnetization, able to stop thermally excited reversals35. "is 
‘magnetic anisotropy’ has several competing origins. "e strongest 
one is usually the shape anisotropy due to the dipole–dipole 
magnetic interaction, which induces the well-known in-plane easy 
magnetization of thin !lms. But the main e#ect used in recording 
is the magnetocrystalline anisotropy, an atomic e#ect correlated to 
the symmetry of the immediate atomic environment. "e interface 
anisotropy, initially proposed by Néel36, takes advantage of the break 
in translational symmetry at an interface to generate giant magnetic 
anisotropies, able to overcome the shape anisotropy and induce a 
stable perpendicular magnetization axis (PMA) in ultrathin !lms 
and multilayers. "is PMA was !rst observed in 1967 on single-
atomic-layer !lms37, and achieved in 1985 in Co/Pd multilayer38 and 
Au/Co/Au !lms39 with more practical thicknesses. New materials 
could even be predicted from ab initio calculations40. PMA is now 
used for recording media in the ‘perpendicular’ HDD introduced 
by Seagate, Hitachi and Toshiba in 2005–06, which helped to restore 
the present 40% growth rate a$er the slow-down experienced 
in 2003–04.

Exchange bias is another crucial e#ect linked to an interface, 
here between a ferromagnetic and antiferromagnetic layer: the 
antiferromagnetic layer has no net magnetic moment that could 
be sensitive to an applied !eld, but may retain a large magnetic 
anisotropy, which, transferred to the ferromagnetic layer through 
interfacial exchange interaction, contributes to stabilizing the 
orientation of its magnetization. "is is also an old story41, but with 
progress in interface control42 it gained wide application in the spin 
valve and magnetic tunnel junctions for pinning the magnetization of 
the reference magnetic layer. And it can also be used in a new kind of 
MRAM43, or to !ght thermal excitations of magnetic nanoparticles44 
for future storage.

"e growing structural quality of interfaces has led to the 
spin-dependent quantum con!nement of the electrons in metallic 
ultrathin layers. Together with interfacial band hybridization this 
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Figure 3 Spin accumulation. Schematic representation of the spin accumulation 
at an interface between a ferromagnetic metal and a non-magnetic layer, adapted 
from ref. 132. a, Spin-up and spin-down current far from an interface between the 
ferromagnetic and nonmagnetic conductors (outside the spin-accumulation zone). 
LF

sf and LN
sf are, respectively, the spin diffusion lengths in the ferromagnetic and 

non-magnetic layers. b, Splitting of the Fermi levels EFup and EFdown at the interface. 
The dashed green arrows symbolize the transfer of current between the two 
channels by the unbalanced spin flips caused by the out-of-equilibrium spin-split 
distribution, which governs the depolarization of the electron current between the 
left and the right. With the current in the opposite direction, there is an inversion of 
the spin accumulation and opposite spin flips, which polarizes the current across 
the spin-accumulation zone. c, Variation of the current spin polarization when 
there is an approximate balance between the spin flips on both sides (metal/metal) 
and when the spin flips on the left side are predominant (metal/semiconductor, 
for example). The current densities for spin-up and spin-down electrons are jup 
and jdown, respectively.
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by using molecular beam epitaxy (MBE) and microfabrication 
techniques (see Methods). Cross-sectional transmission electron 
microscope (TEM; Hitachi H-9000NAR) images of an MTJ with 
tMgO = 1.8 nm are shown in Fig. 1. Single-crystal lattices can be 
identifi ed in the images. The lattice image for MgO(001) (Fig. 1b) 
illustrates that the lattice spacing is elongated along the [001] axis by 
5% and is compressed along the [100] axis by 1.2% compared with 
the lattice of bulk MgO. Although the MgO lattice is compressed 
along the [100] axis to match the Fe lattice, the in-plane lattice 
constant of MgO is still 2.5% larger than that of bulk Fe. This lattice 
mismatch is relaxed by dislocations formed at the interfaces (see 
Fig. 1b). More dislocations are observed at the lower interface than at 
the upper interface. This is because the lattice of the top Fe electrode 
is expanded by 1.9% along the [110] axis to match the MgO lattice.

The magnetoresistance at bias voltages up to 1,300 mV was 
measured at 293 K and 20 K by using the d.c. four-probe method. 
The bias direction was defi ned with respect to the top Fe electrode. 
Typical magnetoresistance curves for the Fe/MgO/Fe/IrMn MTJ 
at 293 K and 20 K are shown in Fig. 2a. At 293 K the MTJ has an 
MR ratio of 180%, which is more than twice the highest room-
temperature MR ratio reported to date13. Resistance of the MTJ 
for a 1 ! 1 µm area (resistance–area product RA) is plotted as a 
function of tMgO in Fig. 2b. Its exponential increase as a function of 
tMgO is typical of ideal tunnel junctions14. According to the Wenzel–
Kramer–Brillouin (WKB) approximation, the slope of the log(RA) 
versus tMgO plot corresponds to 4"(2m!)1/2/h, where m, ! and h are, 
respectively, the electron mass, the potential barrier height (energy 
difference between the Fermi level and the bottom of the conduction 
band in the tunnel barrier), and Planck’s constant15. The slope 
yields a barrier height ! of 0.39 eV. Simmons’ equations for I–V 
characteristics15 yield ! = 0.37–0.40 eV. The barrier height of our 
MTJs is considerably lower than the values in the literature9,10, which 
should be due to the oxygen vacancy defects in MgO (see Methods). 
Oxygen vacancies in MgO can form charge-neutral gap states 
(F-centres) about 1.2 eV below the bottom of conduction band16, 
which raises the Fermi level above the vacancy states and makes 
the barrier height lower than 1.2 eV. It should be noted that the 
barrier height of an ideal MgO tunnel barrier9 (3.7 eV) is too high 
for the device applications. It should also be noted that for an Al–O 
tunnel barrier, a lower barrier height yields a lower MR ratio17. It is 
surprising that in Fe/MgO/Fe MTJs, there is an enormous TMR effect 
despite the low barrier height. This is very favourable in applications 
because both a low RA and a high MR ratio can be achieved. 
Fe/MgO/Fe MTJs with RA values ranging from 300 to 10,000 # µm2, 
which are desirable for MRAMs, have huge MR ratios over 150% 
at room temperature.

The dependence of the MR ratio on tMgO gives valuable information 
on the physical mechanism of the TMR effect. According to theoretical 
calculations7,8, the MR ratio increases with increasing tMgO. This can be 
understood as follows. When the tunnel barrier is thick, the tunnelling 
current is dominated by electrons with momentum vectors normal 
to the barrier, because tunnelling probability decreases rapidly when 
the momentum vectors deviate from the barrier-normal direction. 
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Figure 2 Tunnel magnetoresistance of Fe(001)/MgO(001)/Fe(001) junctions. 
a, Magnetoresistance curves (measured at a bias voltage of 10 mV) at T = 293 K 
and 20 K (MgO thickness tMgO = 2.3 nm). The resistance–area product RA plotted 
here is the tunnel resistance for a 1 ! 1 µm area. Arrows indicate magnetization 
confi gurations of the top and bottom Fe electrodes. The MR ratio is 180% at 
293 K and 247% at 20 K. b, RA at T = 20 K (measured at a bias voltage of 10 mV) 
versus tMgO. Open and fi lled circles represent parallel and antiparallel magnetic 
confi gurations. The scale of the vertical axis is logarithmic. c, MR ratio at T = 293 K 
and 20 K (measured at a bias voltage of 10 mV) versus tMgO.
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‣ Spin Current, edited by S Maekawa, S O Valenzuela, E Saitoh & T Kimura (Oxford 
Univ. Press, 2017), 2nd ed.


‣ Quantum Theory of Magnetism, R M White (Springer, 2006), 3rd ed.

‣ J F Gregg et al, Spin electronics - A review, J Phys D: Appl Phys 35, R121 (2002)


‣ C Chappert et al, The emergence of spin electronics in data storage, Nat Mater 6, 
813 (2007)


‣ W H Butler and X-G Zhang, Electron Transport in Magnetic Multilayers,  
in Ultrathin Magnetic Structures III, edited by J A C Bland and B Heinrich 
(Springer, 2005)

Books

Review papers, book chapters





e-ESM
 2020: Fundam

entals of M
agnetism

 – Transport and spintronics – Kim
,JV

Convective derivatives
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‣ 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?
51

‣ 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
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