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Time scale

Length scale

Microwave frequencies
at micro- and nano-metric
scale…..

… ideal for 
ICT application



Dead 

last 

April 7 



Two current model for transition metals

(Mott, 1936 – Fert, 1968)

- Conductivity results from the sum of the conductivities of majority and miniority

electrons

- Conduction is mostly due to s-electrons due to their lower effective mass (higher

coductivity) if compared to d-electrons

- The main scattering mechanism is the scattering of s-electrons in empty d 

states, whose probability is very different for the two families of spin



RKKY

stands for

Ruderman–

Kittel–

Kasuya–

Yosida

RKKY interaction in bulk materials…

… and in layered systems



There is more than GMR/TMR… 

The «dual» effect Spin Transfer Torque (STT)
(predicted indipendently in 1996 by J. Slonczewski and L. Berger)
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Again: 

nanomagnetic

devices in the 

«middle earth»…

…looking for 

predictive

theoretical

description
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Energetic approach

➢ Continuum approximation

➢ The applied field Ha is known

➢ The dimensions of the body are lower than the wavelength of em waves, 
so the Magnetostatic approximation of Maxwell’s equation is possible

Landau Free Energy

𝑮𝑳 𝑴,𝑯𝒂, 𝑇 = Ω׮
𝑮𝒆𝒙 + 𝑮𝒂𝒏 + 𝑮𝒎 − 𝟎𝑯𝒂 · 𝑴 dV

𝑯𝒂

material applied field
shape

body
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is the stiffness constant  10-11 J/m

Exchange energy

𝑮𝑳 𝑴,𝑯𝒂, 𝑇 = Ω׮
𝑮𝒆𝒙 + 𝑮𝒂𝒏 + 𝑮𝒎 − 𝟎𝑯𝒂 · 𝑴 dV
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Anisotropy energy

𝑮𝑳 𝑴,𝑯𝒂, 𝑇 = Ω׮
𝑮𝒆𝒙 + 𝑮𝒂𝒏 + 𝑮𝒎 − 𝟎𝑯𝒂 · 𝑴 dV
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Anisotropy energy

𝑮𝑳 𝑴,𝑯𝒂, 𝑇 = Ω׮
𝑮𝒆𝒙 + 𝑮𝒂𝒏 + 𝑮𝒎 − 𝟎𝑯𝒂 · 𝑴 dV

Exchange correlation length

Domain wall width

 5 nm

 60 nm
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Magnetostatic energy

𝑮𝑳 𝑴,𝑯𝒂, 𝑇 = Ω׮
𝑮𝒆𝒙 + 𝑮𝒂𝒏 + 𝑮𝒎 − 𝟎𝑯𝒂 · 𝑴 dV

Magnetic poles are sources of the magnetostatic field, that is called

Demagnetizing field inside the body

Stray field outside the body

𝜌𝑚 =- 0𝛁·M

𝑚 =- 0M·n

Stray and demagnetizing field

For ellipsoidal bodies, the demag field is uniform: B H
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Magnetostatic energy

𝑮𝑳 𝑴,𝑯𝒂, 𝑇 = Ω׮
𝑮𝒆𝒙 + 𝑮𝒂𝒏 + 𝑮𝒎 − 𝟎𝑯𝒂 · 𝑴 dV

Gm=

Pole-avoindace principle
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Circular permalloy disks with a vortex structure
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G. Gubbiotti et al., IEEE Trans. Magn. 38, 2532 (2002).

G. Gubbiotti et al., J. Appl. Phys. 93, 7607 (2003).

G. Gubbiotti et al., Phys. Rev. B 68, 184409 (2003).
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Looking for… Energy Minima

courtesy of  M. D’Aquino and of G. Bertotti
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Brown’s equations
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➢ GL is a thermodynamic potential the decreases as a function of time  for any transformation

under constant Ha and T

➢ The use of energy landscapes implies a separation of time scales: the relaxation time after 

which the system reaches equilibrium with respect to a particular value of X is much shorter than 

the time over which the system evolves from one value of X to another.

➢ History dependence: the initial and final energy profiles are the same but the state occupied by 

the system is different depending on past history.

Energy landscape and Hysteresis
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Ellipsoidal particle

For a generic ellipsoidal particle

Ellipsoid of rotation and intrinsic uniaxial anisotropy
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Multistability

SW astroid
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Dynamic Equation

LL

LLG
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The equation is consistent with Brownʼs equations, because when  ∂m/∂t = 0    m× heff = 0



24



25

Ferromagnetic resonance:

(the free oscillator…)

Dynamic

equations

Solution:

Free oscillator

Note that here 0 is not included within g
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Ferromagnetic resonance:

(… the forced oscillator) H0
M0

h
m
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Including the «Gilbert damping»
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Ferromagnetic resonance & shape anisotropy: 

the internal field matters!

Let us consider an ellipsoid, magnetized along the z axis

by the external field H0, where the demagnetizing field Hd

is uniform:

known as «Kittel formula»

Let’ have a look at a few special cases…

yx

z H0

M0
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Ferromagnetic resonance & shape anisotropy: 

Relevant examples

H0 MS

H0 MS

H0 MS

H0 MS

H0 MS

𝜔𝐹𝑀𝑅 = 𝛾𝜇0𝐻0 = 𝜔0
𝜔𝐹𝑀𝑅 = 𝛾𝜇0 𝐻0 −𝑀𝑠

= 𝜔0 − 𝜔𝑀

𝜔𝐹𝑀𝑅 = 𝛾𝜇0 𝐻0 𝐻0 +𝑀𝑠

= 𝜔0 𝜔0 + 𝜔𝑀

𝜔𝐹𝑀𝑅 = 𝛾𝜇0 𝐻0 𝐻0 −
𝑀𝑆

2

= 𝜔0 𝜔0 −
𝜔𝑀

2

𝜔𝐹𝑀𝑅 = 𝛾𝜇0 𝐻0 +
𝑀𝑆

2

= 𝜔0 +
𝜔𝑀

2

Let’s go go beyond
such a simple
MACRO-SPIN 
description… 

𝜔0 = 𝛾𝜇0𝐻0

𝜔𝑀 = 𝛾𝜇0𝑀𝑠
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Conventional Switching: climb up the barrier and slide down

Precessional Switching: go around the barrier and STOP behind

courtesy of G. Bertotti



Up to now

we have used a MACRO-SPIN description

Does it work properly for «real» 

micro- or nano- magnetic samples?
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OOMMFF LLG

MicroMagus

MuMax

GoParallel

CPU GPU
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A Case Study: the planar elliptical dot
Conventional switching: elliptical microdot
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G. Carlotti et al., “Micromagnetic simulation of energy consumption and excited

eigenmodes in elliptical nanomagnetic switches”, Physica B 435, 4 (2014)
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Complicated dynamics, even for relatively small objects!
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Inhomogeneity in a sub-200 nm elliptical dot

In sub-200 nm dots, the 
«fundamental» mode  is the one
at the lowest frequency
(exchange-dominated modes)

In over-200 nm dots, the 
«fundamental» mode is NOT the 
one at the lowest frequency
(dipolar-dominated modes)

For intermediate size there
are two «fundamental» 
modes!
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G. Carlotti, et al. “From micro- to nano- magnetic dots: evolution of the eigenmodes

spectrum on reducing the lateral size”, J. Phys. D: Appl. Phys., 47, 265001 (2014)

Effect of increasing the lateral size of the dot

10 nm thick permalloy elliptical dots
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DE BA
EM
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Zhang Guang-Fu, et al. Chinese Physics B, 

24(9): 097503

A micrometric
rectangular dot

G-Carlotti – PoliMi, 8 Sept. 2016



One dimensional chain of spin

41

Wave front



k

Spin waves

𝑀(𝑇) = 𝑀(0) 1 −
𝑇

𝜃𝐶

3/2λSW
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… but this is true only in the 
exchange-dominated regime!

Heisenberg Hamiltonian for a chain of spins (1st neighbours approximation)

Dl=2pr/N=2pra/=rak

Dl=r sen(e)r e
e=ak
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𝛁 ∙ 𝑴 = 𝟎

𝛁 ∙ 𝑴 ≠ 𝟎

Spin Waves in an infinite medium

Correction due 

to exchange

kq

𝜔0 = 𝛾𝜇0𝐻0

𝜔𝑀 = 𝛾𝜇0𝑀𝑠

λSW
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Magnetostatic Forward Volume Modes (MSFVW)

- Same cutoff frequency

- Isotropic propagation

- Positive group velocity

- Sinusoidal amplitude distribution across the thickness

𝜔′0 = 𝜔𝐹𝑀𝑅 =

= 𝛾𝜇0 𝐻𝑎 −𝑀𝑠 = 𝜔0 − 𝜔𝑀

𝜔0 = 𝛾𝜇0𝐻0

𝜔𝑀 = 𝛾𝜇0𝑀𝑠

t
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Magnetostatic Backward Volume Waves (MSBVW or BA)

- Same cutoff frequency

- Anisotropic propagation: k//M

- Negative group velocity

- Sinusoidal amplitude distribution across the thickness

𝜔𝐹𝑀𝑅 = 𝛾𝜇0 𝐻𝑎 𝐻𝑎 +𝑀𝑠

= 𝜔0 𝜔0 + 𝜔𝑀

𝜔0 = 𝛾𝜇0𝐻0

𝜔𝑀 = 𝛾𝜇0𝑀𝑠

z
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Magnetostatic Surface Waves (MSSW) or  Damon-Eshbach (DE)

- Surface mode 

- Anisotropic propagation: k⊥M

- Non-reciprocal propagation (on the same interface): K=H×n

- Positive group velocity

𝜔𝐹𝑀𝑅 = 𝛾𝜇0 𝐻𝑎 𝐻𝑎 +𝑀𝑠 = 𝜔0 𝜔0 + 𝜔𝑀

𝜔0 = 𝛾𝜇0𝐻0

𝜔𝑀 = 𝛾𝜇0𝑀𝑠
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Thin films : d< 100 nm

courtesy of B Hillbrands
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w0

w0+D

Back to the future (1988): exchange coupled layers
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CONCLUSION
(paraphrasing R. Feynman)

«There is a lot of room… 

…in the middle !»


