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Magnetism on the nanoscale
I. What is spintronics?

1. A brief introduction
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.



•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.

•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“



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.



II. Spin Injection

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

In a ferromagnetic metal: exchange coupling between the spin of the charge and the magnetic moment of the ferromagnet
⇓

Natural disequilibrium between ↑ and ↓
⇓

Spin-polarized conduction band

Idea : 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
Ferromagnetism results from a balance between:

1. atomic-like exchange interaction (align the spin)
2. interatomic hybridization (reduces the spin polarization).

1. Atomic-like exchange interaction:

Hund’s rules. Pauli exclusion & Coulomb repulsion: 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.

the spin polarization of the conduction band has a price in term of kinetic energy -> 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).



2. The Stoner Model
Exchange interaction and free-electron dispersion:

𝐸 𝑘 =
ℏ 𝑘

2𝑚
+

𝜎 ∆

2

Where 𝜎 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.



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:

𝐻 = −𝐽𝑆 𝑠

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 filter:

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. The interface mismatch (and the 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).
dominates for thick enough ferromagnetic layer (bulk effect).

Spin polarized current source:

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

If 𝜎↑ ≠ 𝜎↓, the current will be spin-polarized



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?



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 = 𝜌 + ∆𝜌 𝑐𝑜𝑠 𝜃

Usually ∆𝜌 𝜌⁄ < 3% with ∆𝜌 > 0.

This has to be compared to the typical value for the GMR where 
∆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
how the current can influence the magnetic properties of a magnetic material.

1. Principle of a spin transfer torque
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 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

.

Considering the spin current 𝑱𝐬, the torque is the time rate of change of angular momentum 𝑁 :

𝑑𝑀

𝑑𝑡
∝

𝑑𝑠

𝑑𝑡
= − 𝑱𝐬 𝑑𝑺

= − ∇𝑱𝐬 𝒅𝛀

= 𝑁



2. Definition of the spin current density in quantum mechanics

Definition of the current density in quantum mechanics:

𝐽 = 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 𝐽 = 𝐽 × −𝑒 . For a spin charge, 𝐽 =
ℏ

𝐽⨂𝜎 where 𝜎 represents

the Pauli matrices 𝜎 =
0 1
1 0

, 𝜎 =
0 −𝑖
𝑖 0

and 𝜎 =
1 0
0 −1

.

Spin current carried by a plane wave 𝜓 = 𝑎|↑⟩ + 𝑏|↓⟩ : 𝐽 = 𝜓
ℏ

𝐽⨂𝜎 𝜓 , 𝐽 and 𝐽 corresponding to

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

𝐽 =
ℏ 𝑘

𝑚Ω
Re(𝑎𝑏∗)

𝐽 =
ℏ 𝑘

𝑚Ω
Im 𝑎𝑏∗

𝐽 =
ℏ 𝑘

2𝑚Ω
( 𝑎 − 𝑏 )



3. Calculation of a torque applied onto the
ferromagnetic layer

i. Polarization of the incoming current along the 𝑴-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 = ↑ .

Effect of the ferromagnet on the plane waves -> project the spin of the incoming wave function on the 𝒛-direction.



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: 𝜓 = cos |↑⟩ + sin |↓⟩ , 

𝜓 = 𝑡↑ cos |↑⟩ + 𝑡↓sin |↓⟩ , and 𝜓 = 𝑟↑ cos |↑⟩ + 𝑟↓sin |↓⟩ . It is very easy to check that
we obtain

𝐽 =
ℏ 𝑘

2𝑚Ω
sin 𝜃 �⃗� + cos 𝜃 𝑧
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2𝑚Ω
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∗ �⃗� + sin 𝜃 Im 𝑡↑𝑡↓
∗ �⃗� + 𝑡↑ cos

𝜃

2
− 𝑡↓ sin

𝜃

2
𝑧

𝐽
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2𝑚Ω
sin 𝜃 Re 𝑟↑𝑟↓
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𝜃

2
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2
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In order to project ↑ (the eigenstate of 𝜎 corresponding to the eigenvalue +1) on |↑⟩ and |↓⟩ that corresponds to the 

orientation of the ferromagnet: ↑ = cos |↑⟩ + sin |↓⟩



Finally, the spin transfer torque 𝑁 :

𝑁 = 𝑆 𝐽 + 𝐽 − 𝐽

=
𝑆

Ω

ℏ 𝑘

2𝑚
sin 𝜃 1 − Re 𝑡↑𝑡↓

∗ + 𝑟↑𝑟↓
∗ �⃗� − Im 𝑡↑𝑡↓

∗ + 𝑟↑𝑟↓
∗ �⃗�

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.



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 =

∫ 𝒓 × 𝒋 𝑑 𝑟 = 𝐼𝑺 = 𝑞𝒓 × 𝒗

This leads to

𝑴 = 𝛾𝑳

where 𝛾 is the gyromagnetic ratio (𝛾 = for a free electron).

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

𝝁 = 𝛾𝑺 = 𝑔 𝜇 𝑺/ℏ

so that 𝛾 = 𝑔 𝜇 ℏ⁄ = 𝑒𝑔 2𝑚⁄ (𝜇 = 𝑒ℏ 2𝑚⁄ ) and the Landé factor 𝑔 ≈ −2.0023.



If 𝝉 is the torque exerted on the magnetic momentum, 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 × 𝜇 𝑯 − 𝑴 = −𝛾 𝑴 × 𝑯

Where 𝛾 = −𝜇 𝛾 and 𝑯 is the effective field

=> 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 = 𝑒 𝑔 𝐵 2𝑚⁄ .



In order to consider energy loss and dissipation, Landau and Lifshitz introduced a phenomenological damping term
into the equation of motion. The Landau-Lifshitz-Gilbert (LLG) equation:

�̇� = −𝛾 𝑴 × 𝑯 +
𝛼

𝑀
𝑴 × �̇�

Where 𝛼 is the Gilbert –phenomenological- damping parameter and 𝑀 is the saturation magnetization.

For 𝛼, 𝛾 > 0, 𝑴 always relaxes in the direction of the external field 𝑯 .

To account for a spin-torque -> another term in the LLG equation due to the absorption (or emission) of spin-angular
momentum: 𝑴𝐬𝐭

̇ is ∝ 𝑵𝐬𝐭 (time rate of change of angular momentum)

Assumption: all the angular momentum transferred from the transverse spin current density acts entirely to reorient the
orientation of the ferromagnet.



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:

𝑴𝐬𝐭
̇ = −𝑵𝐬𝐭 𝑔 𝜇 ℏΩ⁄

Where Ω is the volume of the ferromagnetic layer. The LLG equation in presence
of spin transfer torque reads:

�̇� = −𝛾 𝑴 × 𝑯 +
𝛼

𝑀
𝑴 × �̇� − 𝑵𝐬𝐭 𝑔 𝜇 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:

𝑴𝐬𝐭
̇ = 𝜂(𝜃)

𝜇 𝐼

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.





i) For the sign of the current that produces a spin-torque contribution 𝑴𝐬𝐭
̇ in the same direction as

the damping, the current increases the value of the effective damping.

ii) For small currents of the opposite sign, such that 𝑴𝐬𝐭
̇ is opposite to the damping but weaker in

magnitude, the spin torque just decreases the effective damping.



iii) When 𝑴𝐬𝐭
̇ is opposite to the damping torque and of greater magnitude,



6. Device geometries

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

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

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
𝜕 𝜇↑ − 𝜇↓

𝜕𝑥
=

𝜇↑ − 𝜇↓

𝜏

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: 𝜏 > 𝜏 where 𝜏 is the spin-flip time.

The spin-flip length 𝜆 is related to the spin-flip time 𝜏 through the usual expression for the diffusive regime 𝜆 = 𝐷𝜏 .

In a general case, the diffusion constant is typically given by 𝐷 = 𝑣 𝑙 𝑑⁄ = 𝑣 𝜏 𝑑⁄ where 𝑑 is the dimension, 𝑣 the Fermi
velocity and 𝑙 (𝜏 ) is the mean free path (time).



2. Measurement of the spin-flip or spin relaxation length
The typical value for 𝜆 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.

Detection of the polarization by measuring the voltage (the
electrochemical potential) of the ferromagnetic detection electrode. This
potential is related to the spin-polarization of the band structure in the
metallic film.

No spin polarization (no spin injection or measurement at a distance ≫

𝜆 ): no voltage is measured with a voltmeter.

If the spin-polarization 𝑃 = 𝑁↑ − 𝑁↓ / 𝑁↑ + 𝑁↓ is not equal to zero:

𝑉 = ±
1

2
𝐼𝑃

𝜆

𝜎 𝐴
exp − 𝐿 𝜆⁄

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