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Ferromagnetic resonance: the Kittel equation
● Observed in a ferromagnet in the microwave frequency range
● Uniform magnet field H and a transverse high-frequency field H’
● The torque T’ = m ×H’  compensates for the damping
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General solution

 In a PMA film  (add K1, Nx=Ny=0)
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Ferromagnetic resonance: the damping
● Damping is the source of dissipation
● The susceptibility χ is complex
● By the width of χ’’, the damping α is estimated
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Spin waves as a collective motion
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Credits: A. Chumak, Introduction to spin waves (https://www.youtube.com/watch?v=V5b48utfpMQ); Animation: D. Bozhkko 

https://www.youtube.com/watch?v=V5b48utfpMQ
file:///home/gf/Documents/Courses/ESM_2021/Slides/Movies/spinwaves.mp4
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Spin waves: exchange constant estimation
● Useful for estimate exchange constant A
● Depend on the material thickness

Spin dynamics
Domain wall dynamics

Hysteresis phenomena

Ferromagnetic resonance
Spin waves
Exchange constant

(See 
Tutorials/Projects)
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1d model : a transverse wall
Simple description of the DW motion in nanostrips/nanowires
1) the coercitive force is low, easy DW propagation
2) the structure is largely defined by magnetostatics

From A. Thiaville and Y. Nakatami, 
“Domain-Wall Dynamics in Nanowires and Nanostrips”,
In B. Hillebrans, A. Thiaville (Eds.): Spin Dynamics in Confined Magnetic Structures II,
Topic Appl. Physics 101, 161-205 (2006)

Bloch
profile

         is the DW width
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Transverse wall
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1d model: domain wall structures
2a) Phase diagram of stable domain structures
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Domain wall dynamics (1D)
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3) LLG in spherical coordinates

4) Use Collective-Coordinates & the Bloch profile
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Stationary solution
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5) With an applied field Hz, there is precession and DW translation

6) Stationary solution

K is the DW shape anisotropy
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The Walker breakdown
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7) Stationary solution for Ha < HW

8) Non stationary solution for Ha >= HW (Walker breakdown)

● Non-zero wall magnetization angle
● Constant wall velocity
● Compensation between shape DW 

anisotropy and the external field

● The DW magnetization angle precesses
● Drop in the DW velocity
● No compensation between the shape DW 

anisotropy and the external field
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The Walker breakdown
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The Walker breakdown with DMI
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The Walker breakdown is now much larger

What about larger fields?
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The flow regime
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Steady 
regime

Precessional
regime
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Domain wall dynamics in real systems
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Domain wall dynamics in real systems
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The creep regime usually hides the WB!
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Domain wall dynamics in real systems
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Disorder and vertical Bloch lines destroy smooth motion
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Domain wall dynamics in real systems
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Mumax3 + disorder 
(@University of Salamanca)
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The (slow) creep regime
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● DW propagation in a PMA material Ta(5)/Pt(2.5)/Co90Fe10(0.3)/Pt(1)

● Measurement of the time arrival over 40 μm (10 ms – 1000 s)

● Wire widths from 4 – 150 μm
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Prepare for creep: saturate the sample
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Ready for creep: nucleate and propagate
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The (universal ?) H-1/4 law
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The H-1/4 law: after rescaling (I)
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The H-1/4 law: after rescaling (II)
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Rough DW

Rigid DW
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DW motion in CoFeB wires
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Rough DW + edge pinning
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DW motion in CoFeB wires
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CoFeB wires: signature of edge pinning
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L. Herrera-Diez et al. Phys. Rev. B 98, 054419 (2018)
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The creep regime
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The creep regime: early experiments
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Experiments on PMA Pt/Co/Pt
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The creep regime: early experiments
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Experiments on PMA Pt/Co/Pt The roughness exponent ζ
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The creep regime: universality
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The creep regime: spatio-temporal patterns
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The creep regime: spatio-temporal patterns
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The creep regime: spatio-temporal patterns
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The creep regime: spatio-temporal patterns
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DW motion in bulk: the Barkhausen noise
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“As the magnetomotive force is smoothly varied, the molecular magnets flip in jumps 
to their new position. Because of this, they generate irregular induction pulses in a 
coil wound around the sample, that can then be heard as a noise in a telephone.” 
[Phyzik Z., 20, 401-402 (1919)]
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The jerky motion of domain walls
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The old movie of the motion of Dws in a single crystal of SiFe shows:
* the jerky motion of the central wall
* the large bump of the wall at the bottom
* a second DW on the right, much less mobile
* a few small domains on reverse directions 
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The origin of hysteresis
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Coherent spin rotation

Coherent spin rotation Barkhausen jumps

M(t)

dM
dt
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BK noise: a critical state
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SCALE INVARIANCE
power laws

critical exponents
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BK noise: a critical state
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DEPINNING TRANSITION
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BK noise: an equation for the DW motion
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Surface tension of DW

Stray field

Uncorrelated random field

External field

+
-
-+

Demagnetizing field
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BK noise: a microscopic model for DW motion
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y

DW

x

z = h(x,y)
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BK noise: universality classes
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UNIVERSALITY: microscopical details are irrelevant, 
only the system dimension and the range of interactions are important

Range of interactions: J(q) = |q|m

Stray fields
LONG RANGE (m = 1)

Surface tension
SHORT RANGE (m = 2)

Upper critical dimension3
1.5
2

5
1.3
1.5



ESM 2021, Cluj-Napoca (Romania)G. Durin

BK noise: universality classes
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1.3

1.5
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There are many different approaches to describe hysteresis. 
Here we suppose to have:
 a slab of magnetic material with rectangular cross-section
 a single 'rigid' domain wall
 a random environment which takes care of all the possible 
source of interaction (magnetostatics,  disorder, etc)

The origin of hysteresis
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The origin of hysteresis

0

0

The actual motion of the domain wall is hindered by energy barriers:
when the field is enough to overcome a barrier the system jumps
to a new position (Barkhausen jump)
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Hysteresis in a two-level system

The field required to jump is the (local) coercive field Hc
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What is this area?
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Energy during hysteresis loop

H

M

Energy losses => 
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Hysteresis loop shapes (statics)
Soft Hard
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Hysteresis loop shapes (dynamic)
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To make a proper description of dynamic hysteresis we have to:
● make measurements at fixed magnetization amplitude
● change the frequency
● keep the magnetization sinusoidal 
  (loops shapes change with different shapes of the applied field)
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Hysteresis loop shapes (dynamic)
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In general the loss behavior is not far from:
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Theory of loss separation

 Hysteresis losses Wh

  Scale of small Barkhausen jumps, due to small portions of
  DWs  giving rise to localized eddy currents
 Classical losses Wcl

   Scale of sample geometry, eddy currents in a homogeneous
  material
 Excess losses Wexc

  Scale of magnetic domains, eddy currents surrounding
  active DWs
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Loss separation in real systems
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