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Magnetism on the nanoscale

I. What is spintronics?

1. A brief introduction

Conventional electronic: manipulate the charge of the electron. One of the most important technological projection of the second

half of the 20th century.

Few decades after the discovery of the transistor (1947)

⇓

manipulate the spin of the charge carrier instead of its charge:

⟶ improve many different properties of the electronic/spintronc devices

⟶ explore new functionalities of spintronic devices.

For instance:

•using ferromagnet-based electronics ⟶ very stable memory (M-RAM) and devices with very fast switching properties.

•It was demonstrated that heterostructures of semiconductors and ferromagnetic metals can be used to build a spin-polarized light emitting 

diode.

mailto:j.dufouleur@ifw.dresden.de


•As a prospective aim: spin transistor: (https://slideplayer.com/slide/5189531/)

•to be able to manipulate one single spin as a q-bit would be a great achievement on the way of building a quantum computer.



commercial applications following discoveries in spintronics field:

•GMR (Fert and Grünberg, Nobel prize in 2007) or TMR: Magnetic field sensors. In 2008, the

term GMR appeared in more than 1500 US patents!

•TMR: Read heads of magnetic hard disk drives and non-volatils random access memory.

•Spin injection -> polarized LED, ...

Principle: interaction ferromagnet spin of the conduction electrons

- spin polarized a current (spin injection)

- orientation of the magnetization determine the current flow ie. the resistance

- the current flow can influence the orientation of the magnetization -> „Spin transfer torque“



Key points for building spintronic devices:

• To be able to inject spins into a device or, equivalently, to create a spin current by polarizing for instance a charge current.

• To preserve the spin coherence when the spin travel through a non-ferromagnet layer. So far, the spin coherence can be 

preserved along distances above 100 micrometers, much longer than the typical size devices used in technological 

applications.

To inject spin and to manipulate a spin remain a challenge…

Scope of the lectures



2. An experimental realization of spin injection

First experimental evidence of the spin injection into a semiconductor (very interesting in term of devices):

Scanning Tunneling Microscope, injection of charge carriers from a ferromagnetic-metallic tip (Ni) in to a non-ferromagnetic semiconductor 

(GaAs) in 1992 by Alvarado and Renaud

⇓

Light emitted from the semiconductor and its polarization, one could evidence the fact that the current injected into the semiconductor was a 

spin-polarized current.



First demonstration of the possibility of building a polarized light emitting diode (polarized LED).



Such a device was first realized in 1999 by Ohno et al.

The principle is reverse one of a MOS tunneling photodetector with a main difference: the metallic electrode is made of a

ferromagnetic metal:



II. Spin Injection

In a non-ferromagnetic metal: spin of the charge carriers is randomly distributed ⇒ 𝑛↑ = 𝑛↓.

In a ferromagnetic metal, one spin orientation of the charge carriers of the conduction band can be favored because of an

exchange coupling between the spin of the charge and the magnetic moment of the ferromagnet.

⇓

Natural disequilibrium between ↑ and ↓

⇓

Spin-polarized conduction band

The idea of spin injection: to use a ferromagnetic metal as a current source or as a spin-filter in order to produce spin polarized

currents.



1. Magnetism in transition metals

Two different effects compete in transition metals. Ferromagnetism results from a balance between:

1. atomic-like exchange interaction (align the spin)

2. interatomic hybridization (reduces the spin polarization).

To account for both effects in a quantitative way is extremely difficult but we can try to understand it in a qualitative way.

1. Atomic-like exchange interaction:

Hund’s rules. Exchange energy is related to the Pauli exclusion that keep two electrons with the same spin further apart and

lowers then the Coulomb repulsion. This energy dominates here and tends to align spins along a unique direction in order to

minimize the overall energy :

for strongly localized atoms, the exchange interaction maximize the spin and favor magnetism.





2. Interatomic hybridization:

in metals, strong hybridization => charge carriers are delocalized.

By breaking the spherical environment of each atom, it tends to quench any orbital component of the magnetic moment.

It affects not only the magnetism of the lattice but also the spin polarization of the conduction band:

the spin polarization of the conduction band has a price in term of kinetic energy so that band formation tends to

suppress magnetism. To minimize kinetic energy, one needs to minimize the spin polarization:

hybridization favors non-magnetism!

This is the reason why most of the solids are not ferromagnetic.

Exceptions: materials with 4f-orbitals (tightly bound orbitals, very weak hybridization). Importantly for us, the transition-

metals Iron, Cobalt, Nickel and their alloys have partially filled d-orbitals that allow the stabilization of a ferromagnetic

state.





Two simple models for the ferromagnetism: the Stoner model and the s-d model. None of them can correctly 
describe the transition-metal ferromagnet. Very useful to catch the physics. Transition-metal ferromagnet (Fe, Co, 
Ni – partially filled d-orbitals) interesting because magnetic materials (despite the strong hybridization and because 
the strong exchange coupling) and metallic (because of the strong hybridization).

To be continued next week…



2. The Stoner Model

Exchange interaction (not the same energy for spin up and spin

down) and free-electron dispersion:

𝐸 𝑘 =
ℏ2𝑘2

2𝑚
+
𝜎z∆

2

Where 𝜎z is the Pauli spin matrix and ∆ is the exchange splitting.

The band with the higher density is called majoririty-electron-

spin band and the other one minority-electron-spin band.



Problem : the band structure for transition metals is much more complicated

than the one of a free electron.

Particularly interesting to mixed ferromagnetism and semiconductors (or

metal with low electronic density).

The polarization of the conduction electron will be even larger as the ratio

between the exchange splitting energy and the Fermi energy increases.

3. The „s-d Model“

s delocalized electrons (metal) and d electronic states that are localized

magnetic states.

d-sates are assumed to be weakly coupled to s-states.

Local exchange interaction:

𝐻ex = −𝐽 Ԧ𝑆 ∙ Ԧ𝑠

with 𝑺 the spin of a d-state and 𝒔 is the spin density resulting from the

conduction electrons (s-states).

Problem: in the reality, hybridization between s and d orbitals can be quite

strong! d-impurities are not localized...



Neither the Stoner model nor the s-d model are well justified

approximations for describing transition-metals. Nevertheless,

the s-d model works pretty well for ferromagnetic

semiconductors like GaMnAs.

4. Spin polarized currents

Current produced by a conventional current source: not spin-polarized.

Two possibilities to create a spin-polarized current:

i. Current can be polarized by flowing through a ferromagnetic metallic

layer (Fe for instance) : magnetic layer = spin-filter.

ii. A tunnel junction with a ferromagnet as a spin-polarized current

source/electrode.



Spin polarized current source:

Current flowing through a tunnel junction is ∝ to the density of 
states (𝜎) of the current source (Stoner model).

If both 𝜎↑ ≠ 𝜎↓ (for the minority- and the majority spin carriers), 
the current flowing will be mostly due to tunneling of majority-
electron-spin band and will be spin-polarized



Spin filter:

Subtler effect…

Spin current flowing through a ferromagnetic metallic layer. For instance, a current

flowing from a Cr layer (non-magnetic metal) through a Fe layer (ferromagnetic layer).

Two different effects → better transmission of the minority charge carriers:

1) band structure mismatch at the interface. Mismatch between the wave vector in Cr

and in Fe. Depends on Ef with respect to the bottom of the conduction band. In Fe,

this quantity for ↑ differs from the one for ↓ by the exchange energy so that the

interface mismatch (and its resistance) is ≠ for ↑ and for ↓ .

Depends on the surface of the interface.

2) ≠ in the strength of the scattering on impurities for ↑ and ↓ in the Fe layer (s-d 

model) ⇒ current partially polarized in the minority direction (transmitted) and the 

reflected current is partially polarized in the majority direction. 

≠ than tunnel junction: the ferromagnetic layer polarized the current in an 

opposite direction to its majority carriers.

More generally: depends on many parameters including the layer thickness and the 

spin flip scattering rates. 

dominates for thick enough ferromagnetic layer (bulk effect).



5. Spin current with no charge current in a M-tunnel junction

2 ferromagnetic layers separated by a tunnel junction (Stoner model well adapted).

Magnetization are in a parallel configuration, in the absence of bias voltage : no charge

current and no spin current will flow through the junction.

Magnetization of the two magnets are collinear and anti-parallel, there won’t be any spin

current for zero bias voltages.

If both magnetization are now not in a collinear configuration, Slonczewski showed in 1989

that even when no bias voltage is applied across the junction (no charge current), the total

spin current does not vanish. It is possible to inject spins without injecting charges! (Simple

model with continuity of the wave functions)

Starting from the Stoner model:

If one electrode is a non-

ferromagnetic metal, the spin

current will persist but will be

less important.



6. Multilayer of ferromagnetic/non-ferromagnetic metals

What happens if we have different ferromagnetic/non-ferromagnetic layer?

New effects? Addition of the different interfaces in series?

Everything depends on the non-ferromagnetic spacer layer…

In a non-ferromagnetic spacer layer, the spin polarized current persists over the spin 
diffusion length 𝑙sp which can be >100nm in Cu and about 5nm in Cr.

As a result, if we have two ferromagnetic layer (Fe for instance) separated by a very thin 
non-ferromagnetic layer –called spacer-layer- which thickness is smaller than the spin 
diffusion length (𝑑 < 𝑙sp), the current carried by the two spin orientations can be taken 

into account in an independent way as two parallel and independent channels.

If the two ferromagnetic layers have a parallel magnetization, minority carriers will have a 
high probability to be transmitted unlike the majority electrons. The minority carriers 
shunt the majority carriers and the total resistance is in a low state.

On the other hand, if both ferromagnets are in an anti-parallel configuration, minority 
(majority) carriers in the first ferromagnetic layer are majority (minority) carriers in the 
second one and both channel have a high resistance. This is the effect of Giant 
MagnetoResistance (GMR). 



If the spacer thickness is larger the the spin diffusion length (𝑑 > 𝑙sp), both channels can

not be considered as independent.

The total resistance is of the order of the low resistance state since there is always a way

to shunt by the minority channel, in the parallel as well as in the antiparallel

configuration.

Such a multilayer devices is called a spin valve and is at the origin of many recent

techonological application like the M-RAM.

It was first discovered by Albert Fert and Peter Grünberg in 1988.

Both received the Nobel Prize in 2007 for their discovery.

Note: it is not only the minority carriers that have the lower resistance. In Cu/Co or Cu/Ni, this is for 
instance the majority electrons that will be better transmitted through a ferromagnetic layer.



why is it called „giant“ magnetoresistance?
Anisotropic magnetoresistance of pure magnetic metals, 
discovered by William Thompson in 1857.

Measure the resistivity of a thin film of a magnetic metals at 
different angle 𝜃 between the magnetization and the current 
direction.

This magnetoresistance change smoothly between the parallel 
resistivity and the perpendicular resistivity:

𝜌 = 𝜌0 + ∆𝜌 𝑐𝑜𝑠2 𝜃

Usually Τ∆𝜌 𝜌 < 3% with ∆𝜌 > 0.

This has to be compared to the typical value for the GMR where 
Τ∆𝝆 𝝆 > 𝟖𝟎%.



A GMR can be also observed if the current flow in a parallel configuration.

In this case, lower fractional resistance changes are usually measure



III. Spin transfer torque
Until now: how the magnetic properties of a material influence its

resistance and hence the current properties.

Now: how the current can influence the magnetic properties of a

magnetic material.

1. Principle of a spin transfer torque

Spin polarized current arriving on a ferromagnetic layer (⇔ spin filter)

with magnetization 𝑀 pointing in a ≠ direction.

𝑀 interacts with the spin-polarized incoming current ⇒ modify its

polarization (It absorbs a portion of the angular momentum carried by

the current).

Magnetic layer as a spin-filter ⇒ 𝑀 changes the flow of spin-angular

momentum by exerting a torque on the flowing spins to reorient them,

and therefore the flowing electrons must exert an equal and opposite

torque on the ferromagnet. This torque that is applied by non-equilibrium

conduction electrons onto a ferromagnet is called spin transfer torque.



One way to calculate this torque is simply to calculate the time rate of change of angular

momentum into the ferromagnet.



Which is just the macroscopic version of the continuity equation for the spin

density 𝑠

𝑑𝑠

𝑑𝑡
+ ∇𝑱𝐬 = 𝟎

To estimate the torque, one need to know the different spin current.

We will try to determine such a spin current in a very simple case, when the

charge current flow perpendicularly to a magnetic layer with a probability to

be reflected (transmitted) is given by the coefficient 𝑟↑,↓ (𝑡↑,↓).

Considering the spin current 𝑱𝐬 flowing through the magnetic layer, it is possible to

determine the torque applied onto the ferromagnet since this torque is simply the time

rate of change of angular momentum 𝑁st:

𝑑𝑀

𝑑𝑡
∝
𝑑𝑠

𝑑𝑡
= −ඵ𝑱𝐬 ∙ 𝑑𝑺

= −ම∇𝑱𝐬 𝒅𝛀

= 𝑁st



2. Definition of the spin current density in quantum mechanics

Definition of the current density in quantum mechanics:

𝐽 =
1

2𝑚
𝜓∗𝑃𝜓 − 𝜓𝑃𝜓∗ with 𝑃 = −𝑖ℏ∇

𝐽 =
−𝑖ℏ

2𝑚
𝜓∗∇𝜓 − 𝜓∇𝜓∗ =

ℏ

𝑚
Im 𝜓∗∇𝜓

For a charge current carried by electrons, we have 𝐽𝑞 = 𝐽 × −𝑒 .

For a spin charge, we can define an operator 𝐽𝑠 =
ℏ

2
𝐽⨂𝜎 where 𝜎

represents the Pauli matrices 𝜎𝑥 =
0 1
1 0

, 𝜎𝑦 =
0 −𝑖
𝑖 0

and 𝜎𝑧 =

1 0
0 −1

.

If we want to determine the spin current carried by a plane wave 𝜓 =

𝑒𝑖𝑘𝑥

Ω
𝑎 ۧȁ↑ + 𝑏 ۧȁ↓ along the x-direction, we have to calculate the

different quantities 𝐽𝑠
𝑥 = 𝜓

ℏ

2
𝐽⨂𝜎𝑥 𝜓 , 𝐽𝑠

𝑦
and 𝐽𝑠

𝑧 corresponding

to the spin pointing in the 𝑥, 𝑦 and 𝑧 direction respectively.



We obtain

𝐽𝑠
𝑥 =

ℏ2𝑘

𝑚Ω
Re(𝑎𝑏∗)

𝐽𝑠
𝑦
=
ℏ2𝑘

𝑚Ω
Im 𝑎𝑏∗

𝐽𝑠
𝑧 =

ℏ2𝑘

2𝑚Ω
( 𝑎 2 − 𝑏 2)

In the case considered just above where the incoming current is

spin-polarized in a different direction than 𝑀, we are able to

determine the spin torque applied onto the ferromagnet

providing that 𝑎 and 𝑏 are known.



3. Calculation of a torque applied onto the

ferromagnetic layer

i. Polarization of the incoming current along the𝑴-direction

Let us imagine that the incoming current is polarized as in the

picture below:

Incoming current is due to plane waves which spin is aligned along the 𝒖-direction: 𝜓 =

𝑒𝑖𝑘𝑥

Ω
ൿห↑𝑢 . In order to estimate the effect of the ferromagnet on the plane waves, one need

to project the spin of the incoming wave function on the 𝒛-direction:

𝑀𝑢 = cos 𝜃𝑀𝑧 + sin 𝜃𝑀𝑥 (classical momentum projection)

𝜎𝑢 = cos𝜃 𝜎𝑧 + sin 𝜃 𝜎𝑥 (in quantum Mechanics)



In order to project ൿห↑𝑢 (the eigenstate of 𝜎𝑢 corresponding to the eigenvalue +1) on ۧȁ↑ and 

ۧȁ↓ that corresponds to the orientation of the ferromagnet, one have to resolve the following 

equation, taking ൿห↑𝑢 = Τ𝑎 ۧȁ↑ + 𝑏 ۧȁ↓ 𝑎 2 + 𝑏 2

𝜎𝑢 ൿห↑𝑢 = ൿห↑𝑢

⇕

cos 𝜃 sin 𝜃
sin 𝜃 − cos 𝜃

𝑎

𝑏
=

𝑎

𝑏

So that

ൿห↑𝑢 = ۧȁ↑ +
1 − cos 𝜃

sin 𝜃
ۧȁ↓ ×

1

1 +
1 − cos 𝜃
sin 𝜃

2

=
sin 𝜃

2(1 − cos 𝜃)
ۧȁ↑ +

1 − cos 𝜃

2
ۧȁ↓

This leads to

ൿห↑𝑢 = cos
𝜃

2
ۧȁ↑ + sin

𝜃

2
ۧȁ↓



ii. Flows of spin along the x-direction and spin transfer torque

In order determine the different flows of spin for the incoming, 
reflected and transmitted waves, we just need to apply the 
formula obtained for the spin current to the different wave 

function: 𝜓in =
𝑒𝑖𝑘𝑥

Ω
cos

𝜃

2
ۧȁ↑ + sin

𝜃

2
ۧȁ↓ , 𝜓trans =

𝑒𝑖𝑘𝑥

Ω
𝑡↑ cos

𝜃

2
ۧȁ↑ + 𝑡↓sin

𝜃

2
ۧȁ↓ , and 𝜓refl =

𝑒−𝑖𝑘𝑥

Ω
ቀ

ቁ

𝑟↑ cos
𝜃

2
ۧȁ↑ +

𝑟↓sin
𝜃

2
ۧȁ↓ . It is very easy to check that we obtain

𝐽𝑠
in =

ℏ2𝑘

2𝑚Ω
sin 𝜃 Ԧ𝑥 + cos 𝜃 Ԧ𝑧

𝐽𝑠
trans =

ℏ2𝑘

2𝑚Ω
sin 𝜃 Re 𝑡↑𝑡↓

∗ Ԧ𝑥 + sin 𝜃 Im 𝑡↑𝑡↓
∗ Ԧ𝑦 + 𝑡↑

2 cos2
𝜃

2
− 𝑡↓

2 sin2
𝜃

2
Ԧ𝑧

𝐽𝑠
refl

= −
ℏ2𝑘

2𝑚Ω
sin 𝜃 Re 𝑟↑𝑟↓

∗ Ԧ𝑥 + sin 𝜃 Im 𝑟↑𝑟↓
∗ Ԧ𝑦 + 𝑟↑

2 cos2
𝜃

2
− 𝑟↓

2 sin2
𝜃

2
Ԧ𝑧



Finally, the spin transfer torque 𝑁st on a cross section 𝑆 of the ferromagnet is

equal to the net spin current transferred from electron to the ferromagnet

and is given by:

𝑁st = 𝑆 𝐽𝑠
in + 𝐽𝑠

refl − 𝐽𝑠
trans

=
𝑆

Ω

ℏ2𝑘

2𝑚
sin 𝜃 1 − Re 𝑡↑𝑡↓

∗ + 𝑟↑𝑟↓
∗ Ԧ𝑥 − Im 𝑡↑𝑡↓

∗ + 𝑟↑𝑟↓
∗ Ԧ𝑦

If 𝜃 = 0 or 𝜋, the spin transfer torque will be equal to zero as well as for 𝑡↑ =

𝑡↓ and 𝑟↑ = 𝑟↓.

Any kind of ferromagnetic layer that acts as a spin filter will experience a 
transfer torque that is perpendicular to the magnetization direction.

Comment on the direction of 𝑁st



4. The Landau-Lifshitz-Gilbert equation

To understand the influence of a spin transfer torque on 𝑀: dynamics of a magnetic

moment embedded in a magnetic field 𝐵.

We can relate the magnetic moment 𝑴 to the angular momentum 𝑳 for a single 

charge: 𝑳 = 𝑚𝒓 × 𝒗 and 𝑴 =
1

2
𝒓 × 𝒋 𝑑3𝑟 = 𝐼𝑺 =

1

2
𝑞𝒓 × 𝒗

This leads to

𝑴 = 𝛾𝑳

where 𝛾 is the gyromagnetic ratio (𝛾 =
𝑞

2𝑚
for a free electron).

Similarly, the electron‘s magnetic moment is opposite to it its spin-angular momentum

𝝁 = 𝛾𝑺 = 𝑔e𝜇B𝑺/ℏ

so that 𝛾 = Τ𝑔e𝜇B ℏ = Τ𝑒𝑔e 2𝑚 (𝜇B = Τ𝑒ℏ 2𝑚) and the Landé factor 𝑔e ≈ −2.0023.



If 𝝉 is the torque exerted on the magnetic momentum, the dynamics of the magnetic

momentum can be derived from the law of the conservation of angular momentum:

𝑑𝑴

𝑑𝑡
= 𝛾

𝑑𝑳

𝑑𝑡
= 𝛾 𝝉

The torque exerted on a magnetic moment embedded in a magnetic field is given by:

𝝉 = 𝑴× 𝑩

So that the dynamics in the absence of spin transfer torque and damping follows the

equation:

𝑑𝑴

𝑑𝑡
= 𝛾𝑴 × 𝑩 = 𝛾𝑴× 𝜇0𝑯eff −𝑴 = −𝛾0𝑴×𝑯eff

Where 𝛾0 = −𝜇0𝛾 and 𝑯eff is the effective field which is a combination of the external field

and the demagnetization field. As a result, a magnetic moment embedded in a non-collinear

magnetic field should precesses around the external field with an angular frequency given

by the Larmor frequency: 𝜔 = 𝛾𝐵 = Τ𝑒 𝑔 𝐵 2𝑚.



In order to consider energy loss and dissipation, Landau and Lifshitz introduced a

phenomenological damping term into the equation of motion. This term was slightly modify

several decades after by Gilbert. This leads to the Landau-Lifshitz-Gilbert (LLG) equation:

ሶ𝑴 = −𝛾0𝑴×𝑯eff +
𝛼

𝑀S
𝑴× ሶ𝑴

Where 𝛼 is the Gilbert –phenomenological- damping parameter and 𝑀S is the saturation

magnetization. For 𝛼, 𝛾0 > 0, 𝑴 always relaxes in the direction of the external field 𝑯eff.

The damping can be due to different mechanisms like:

- magnetoelastic scattering

- two-magnon scattering from inhomogeneities

- spin-pumping effect when the magnetic element is in metallic contact with other

materials (emission of spin-angular momentum via conduction electrons).

- It appears that electron-hole pair generation is one of the dominant source of damping

in a variety of metallic systems including the ferromagnetic semiconductors (GaMnAs)

and the transition metals.



In order to take into account the effect of a spin-torque, one has to add another term in

the LLG equation due to the absorption (or emission) of spin-angular momentum. This term
ሶ𝑴𝐬𝐭 is ∝ 𝑵𝐬𝐭 (time rate of change of angular momentum): we assume here that all the

angular momentum transferred from the transverse spin current density acts entirely to

reorient the orientation of the ferromagnet rather than being absorbed in the excitation of

short-wavelength magnon modes or being transferred directly to the atomic lattice.

Because the electron’s magnetic moment is opposite to its spin angular momentum (𝝁 =
Τ𝑔𝜇B𝑺 ℏ with 𝑔 < 0) and likewise in transition-metal ferromagnet the magnetization 𝑴 is

generally opposite to the spin density 𝒔 (𝑴 = Τ𝑔𝜇B𝒔 ℏ), the contribution of the spin

transfer torque to the equation of motion of the magnetization should be in an opposite

direction to the time rate of change of the angular momentum 𝑵𝐬𝐭. The spin transfer

torque is such as to rotate the spin-angular momentum – magnatization- density of the

ferromagnet toward the direction of the spin – magnetic moment- of the incoming

electrons.



We assume that all the angular momentum in the ferromagnet are due to its spin

density (no orbital contribution, reasonable first order approximation in transition

metals). Taking into account such orbital contribution would deviate the value of

𝑔 from −2 by typically less than 10%. We have then:

ሶ𝑴𝐬𝐭 = −𝑵𝐬𝐭 Τ𝑔 𝜇B ℏΩ

Where Ω is the volume of the ferromagnetic layer. The LLG equation in presence

of spin transfer torque reads:

ሶ𝑴 = −𝛾0𝑴×𝑯eff +
𝛼

𝑀S
𝑴× ሶ𝑴 − 𝑵𝐬𝐭 Τ𝑔 𝜇B ℏΩ



5. Spin-transfer-driven magnetic dynamics

It is very difficult to compute the spin-transfer term 𝑵𝐬𝐭. This

have been done for instance by Slonczewski in the case of a

symmetric two-magnetic-layer device with a metal spacer. The

torque exerted on the free-layer magnetization can be

described in the LLG equation by adding the term:

ሶ𝑴𝐬𝐭 = 𝜂(𝜃)
𝜇B𝐼

𝑒Ω
𝒖𝐌 × 𝒖𝐌 × 𝒖𝐌𝐟𝐢𝐱𝐞𝐝

Ω is the volume of the free layer, 𝜂 𝜃 = 𝑞/(𝐴 + 𝐵 cos 𝜃), 𝒖𝐌
and 𝒖𝐌𝐟𝐢𝐱𝐞𝐝

are unit vectors pointing in the direction of 𝑴 and

𝑴𝐟𝐢𝐱𝐞𝐝 and cos 𝜃 = 𝒖𝐌 ∙ 𝒖𝐌𝐟𝐢𝐱𝐞𝐝
. All of the details of the layer

structure are buried in the constants 𝑞, 𝐴 and 𝐵.



When the current has a sign such that electrons flow from the fixe layer 
to the free layer in a multilayer like Co/Cu/Co, the electron spin moment 
incident on the free layer points in the same direction as 𝑴𝐟𝐢𝐱𝐞𝐝 and  
tends to force the magetization of the free layer 𝑴 to be in the same 
direction than 𝑴𝐟𝐢𝐱𝐞𝐝 (assuming that 𝑯 is colinear with 𝑴𝐟𝐢𝐱𝐞𝐝). When 
the current flow in the opposite direction, it is the electron reflected from 
the fixed layer that apply a torque to the free layer. Consequently, the sign
of the torque is reversed.



i) For the sign of the current that produces a spin-torque contribution ሶ𝑴𝐬𝐭 in

the same direction as the damping, there are no current induced instabilities in

the free-layer orientation. The current increases the value of the effective

damping, and M simply spirals more rapidly back to the Ԧ𝑧 direction after any

perturbation.

ii) For small currents of the opposite sign, such that ሶ𝑴𝐬𝐭 is opposite to the

damping but weaker in magnitude, the spin torque just decreases the

effective damping, and again nothing exciting happens, at least at zero

temperature.



iii) When ሶ𝑴𝐬𝐭 is opposite to the damping torque and of greater magnitude, then following

any small perturbation 𝑴 will spiral away from the low-energy configuration along Ԧ𝑧 to

increasing angles—the current may excite large angle dynamics. In effect, a sufficiently large

current drives the damping to be negative, which leads to the amplification of any

deviations of 𝑴 from equilibrium. Past this point of instability, the large-angle dynamics

excited by spin transfer can fall in two broad classes within the macrospin approximation,

depending on the angular dependencies of the spin transfer torque, the damping torque,

and the magnetic anisotropy. One possibility, which may occur if the damping torque

increases with precession angle faster than the spin torque, is that the initial increase in

precession angle may eventually be limited, so that 𝑴 may achieve a state of dynamical

equilibrium, precessing continuously at some fixed average angle in response to the direct

current. In this state, the energy gained from the spin torque during each cycle of

precession is balanced by the energy lost to damping.



The spin transfer torque can even „induce a simple switching from one 
static magnetic orientation to another or a dynamical state in which the 
magnetization undergoes steady-state precession depending on the device 
design and the applied magnetic field“. Easier with metallic multilayers in 
order to have high enough current density.

iv) The second possible class of spin-torque-driven magnetic dynamics is that the precession

angle may be excited to ever-increasing values until eventually it reaches 180°, meaning

that 𝑴 is reversed.



6. Device geometries

A spin-torque device is usually build with two magnetic layers separated by a

non-magnetic spacer layer (metallic layer or a tunnel junction):

- a thick layer (fixed of pinned layer) for which the magnetization is not

sensitive to the current, at least at low current, and act as a spin filter for

the bias current

- a thin layer (free layer) the magnetization of which depends on the bias

current and can be eventually switched.

One way to increase the efficiency of the transfer torque is to sandwich the

free layer between two fixed layers in an anti-parallel configuration.

The cross section of the devices should be small in order to make the spin-
torque effect strong enough.

Two different approaches:

1) the point contact device

2) the nanopillar device (S<250nm).

The point contact approach requires higher critical current density (108-109

A/cm2) while nanopillar can work with a current density < 107 A/cm2 (down 
to 1.1x106 A/cm2!).



Example of such a magnetization switching in a all-metal 
nanopillar (NiFe-20nm/Cu-12nm/NiFe-4,5nm):



IV. Spin relaxation and spin life time
For many spintronic devices, a layer spacer is required to separate two magnetic

layers so that the magnetization of both layer can have independant magnetic

moments (eventually coupled together). Moreover, for many properties, a spin

travelling from one magnetic layer to another one through the layer spacer

need to be conserved. To be able to propagate spin over long distances is a key

issue for the control of the behaviour of spin in devices. Understanding and

measurement of spin-relaxation take on particular interest in spintronics.

1. The spin-diffusion and the spin-diffusion length or spin-

flip length 𝜆sf
If spins are locally injected in a non-magnetic material and if the spin population

are locally unbalanced, the spins will diffuse into the material such that the

excess of spin will decrease when we move away from the spin-injection point.

The typical length over which this decay occurs is the spin-flip length 𝜆sf.



The spin diffuses independently of the charge.

The diffusion of the different electrochemical potential for spin-up and spin-down

population follows a classical diffusion equation (seeFilip, A. T. (2002). Spin polarized

electron transport in mesoscopic hybrid devices s.n. ):

𝐷
𝜕2 𝜇↑ − 𝜇↓

𝜕𝑥2
=

𝜇↑ − 𝜇↓
𝜏sf

With 𝐷 the diffusion coefficient : 𝐷 = 𝐷↑𝐷↓ 𝑁↑ + 𝑁↓ / 𝑁↑𝐷↑ + 𝑁↓𝐷↓ and 𝑁↑,↓ is the

density of states for the spin ↑, ↓.

To write this diffusion equation, one need to assume a diffusive motion of the spin: 𝜏sf >

𝜏e where 𝜏sf is the spin-flip time.

The spin-flip length 𝜆sf is related to the spin-flip time 𝜏sf through the usual expression for

the diffusive regime 𝜆sf = 𝐷𝜏sf.

In a general case, the diffusion constant is typically given by 𝐷 = Τ𝑣F𝑙e 𝑑 = Τ𝑣F
2𝜏e 𝑑

where 𝑑 is the dimension, 𝑣F the Fermi velocity and 𝑙e (𝜏e) is the mean free path (time).



2. Measurement of the spin-flip or spin relaxation length

The typical value for 𝜆sf is about 1𝜇𝑚 in diffusive metallic films so that a in order

to measure it, the fabrication of sub-micron devices is required.

One way to measure it is to fabricate a mesoscopic spin valve: in principle, we

inject locally a spin polarized current in a metallic films through a first

ferromagnetic contact (with a tunnel barrier) in order to locally produce a spin

accumulation. This spin accumulation will diffuse in all directions in the metallic

film. We can detect the spin polarization thanks to a second ferromagnetic

electrodes (in tunnel contact) at different distances from the spin injection (far

away from the current lines in order to only take into account diffusion and not

drift processes). The decay of the polarization gives a direct access to the spin-

flip or spin relaxation length.



The detection of the polarization is made by measuring the voltage (the electrochemical

potential) of the ferromagnetic detection electrode. This potential is directly related to the

spin-polarization of the band structure in the metallic film. If there is no spin polarization

(no spin injection or measurement at a distance ≫ 𝜆sf) then the chemical potential is

equal to zero and no voltage is measured with a voltmeter. If the spin-polarization 𝑃 =

𝑁↑ − 𝑁↓ / 𝑁↑ + 𝑁↓ is not equal to zero, the voltage measured on the detection

electrode is proportional to 𝑃2:

𝑉 = ±
1

2
𝐼𝑃2

𝜆sf
𝜎Al𝐴

exp − Τ𝐿 𝜆sf

Where 𝐼 is the (spin-polarized) current injected into the structure, 𝐴 and 𝜎Al are the cross

section and the conductivity of the metallic film and 𝐿 the distance between the injection

of spins and the detection electrode. The positive (negative) sign corresponds to a

parallel (antiparallel) magnetization configuration of the Co electrodes.



The following experiment show the results find for an aluminum film at room

temperature and 4.2K. The spin-flip length is found to increase from roughly 350 nm at

room temperature to 650 nm at low temperature.



V. Spintronics devices and applications
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