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(Soft Magnetic) Materials with polarization(s) 

1. Context

Magnetic materials
Magnetic structure
Magnetic domains and walls
Closure domains

Ferroelectric materials
MFM image of NGOES steel

MOKE image of GOES steel

Materials heterogeneity with subdivisions 
(domains and walls)

Multiferroïc materials

Domains for the electric polarization

Domains for the electric polarization
& domains for the magnetic polarization
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2. From local to HOLISTIC Paradigm ?
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Lagrangian Energy densities [J.m-3]

2. From Micro-Magnetism to the TMPT 

Micro-Magnetism (LLG equations) MAGNETIC PHASES (TMPT)

𝒎 𝟐 𝟐

 

x 𝒙
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w [J.m-2] walls energy density

𝒂𝒏 𝒂𝒏 [J.m-3] anisotropy vector 

𝐽 = 𝜇 𝑀 [T] saturation polarization
𝐴 [J.m.A-2] exchange coefficient
𝐾 [J.m-3] anisotropy constant 

𝟐

𝟐

TENSOR STATE VARIABLE

Materials parameters

x, 𝑡 = 𝒙, 𝒕 𝒙



Lagrangian Energy densities [J.m-3]

2. From Micro-Magnetism to the TMPT 

Micro-Magnetism (LLG equations)

Magnetic Exchange

MAGNETIC PHASES (TMPT)

Magneto-Cristalline Anisotropy
(uni-axial 𝒂𝒏 case)


 𝟐

𝒆𝒙  𝟐
 ⨀𝟐

𝓤𝒂𝒏 ∝ 𝐶
𝛾

𝐾
  𝑽𝟐 −  

𝑲𝒂𝒏 ⋅ 𝑽𝟐 ⋅ 𝑲𝒂𝒏

𝑻

𝑲𝒂𝒏

𝟐
 

𝑻

 

 ⨀𝟐

𝐶 ≈ 𝑀
𝐴 𝐾

𝛾

𝐶 ≈ 1

 𝒂𝒏  𝒂𝒏
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𝑌  𝑍 = 𝑌 𝑍 , 𝑌 𝑍 , 𝑌 𝑍

𝑌 ⨀ 𝑍 = 𝑌 . 𝑍 , 𝑌 . 𝑍 , 𝑌 . 𝑍

𝑌 ⨀ = 𝑌 ⨀ 𝑌

∇  𝒀 = ∇𝑌 , ∇𝑌 , ∇𝑌



Lagrangian energy densities [J.m-3]

2. From Micro-Magnetism to the TMPT 

Micro-Magnetism (LLG equations) MAGNETIC PHASES (TMPT)
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Stress Induced Anistropy

Self Magneto-striction Energy

𝓾 = +
9

4

𝒎𝒎

𝑀
∘   𝟐 ⁘ 𝑪 ⁘

𝒎𝒎

𝑀
 

𝓾  = −
3

2

𝒎𝒎

𝑀
∘    ⁘ 𝒔 ⁘

𝒎𝒎

𝑀
  𝓤𝒔 ∝ −
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2
𝐶

𝛾

𝐾
𝑽𝟐 ⨀  

 ⁘ 𝒔

𝐾
⁘ 𝑽𝟐  

𝓤 ∝ +
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4
𝐶

𝛾

𝐾
𝑽𝟐 ⨀  

𝟐 ⁘ 𝑪

𝐾
⁘ 𝑽𝟐  𝐶 ≈ 𝐶 ≈ 1

𝐴𝐵 , 𝐴𝐵 = 𝐴 𝐵

𝑌 ⁘ 𝑍 , 𝑌 ⁘ 𝑍 = 𝑌 𝑍

𝑌 ∘ 𝑍 = 𝑌 𝑍  : scalar product

[s] [Pa] the stress tensor 
[] [n.u.] magnetostriction tensor

[] [n.u.] magnetostriction tensor
[C] [Pa] stiffness tensor



Lagrangian & dissipation functional

2. From Micro-Magnetism to the TMPT 

Micro-Magnetism (LLG equations) MAGNETIC PHASES (TMPT)
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Demagnetizing stray-field Energy

𝟐 𝟐

Eddy currents lost Energy

𝒆𝒅 
𝒆𝒅 𝒎 𝒆𝒅

𝒅𝒎
𝟐 𝑻  ⨀𝟐

𝒅𝒎

Cdm (grain size, boundaries and surface treatments)

 magnetic damping parameter

𝜵 𝑽𝟐 = 𝟎

𝜵 𝟐 = 𝟎

𝒅𝒎

 [s] time delay of domains structure

n: unit vector normal to 



3. Coupling with the Maxwell equations?
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𝜀 [F .m-1] air permittivity
𝜇 [H .m-1] air permeability
 [S.m-1] electrical condutivity
  [m.H-1] magnetic reluctivity
𝜔 [rad.s-1] angular velocity

𝜏 [s] time delay of flux 

Electromagnetism - interfaces

𝟐 x x

 𝒃 𝒕

  

Domains based Vector Fields

Polarization: 

Flux density: 

Magnetic Field: 

Field diffusion equation everywhere
𝟎

air

Ferromagnetic material𝟐

Coupling formulation at boundaries
Boundary air-metal



3. Coupling with the Maxwell equations?
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𝑼𝒆𝒙 ∝
𝐽

𝜎𝜔

𝛾

𝐾
 ∇  𝑽𝟐

⨀

 

𝑼𝒂𝒏 ∝
𝐽

𝜎𝜔

𝛾

𝐾
∇  𝑽𝟐

⨀

 𝟐   𝟐  𝟐

   𝟐   𝟐   𝟐  𝟐 



hamiltonian of diffusion equation for 

Electromagnetism (Poynting) - volume



4. Derivation of the domains structuring

Principle of stationary Vectorial Action [J.s]

13

QS conservative Formulation (Euler Lagrange equations)
𝟐 𝟐

≪

∆ 𝑽𝟐 −
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𝐾
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𝐶
𝐶

𝐾

𝛾
 
 ⁘ 𝐶

𝐾
⁘ 𝑽𝟐   = 𝟎

𝜵 𝑽𝟐 = 𝟎

𝜵 𝟐 = 𝟎

∇ 𝒀 = ∇ 𝑌 , ∇ 𝑌 , ∇ 𝑌

∆ 𝒀 = ∆ 𝑌 , ∆ 𝑌 , ∆ 𝑌
𝑻



4. Example of Results
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2D CALCULATION AT QUASI-STATIC EQUILIBRIUM WITH THE FINITE ELEMENT METHOD

Application to electrical steels (GOES & NGOES)



4. Derivation of the domains structuring

Principle of stationary Vectorial Action [J.s]
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Dynamic dissipative Formulation (Noëther equations)

∆ 𝑽𝟐 −
𝐶

𝐶

𝐾

𝛾
  𝑽𝟐 −  

𝑲𝒂𝒏 ⋅ 𝑽𝟐 ⋅ 𝑲𝒂𝒏

𝑻
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𝐶
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𝐾

⁘ 𝑽𝟐   − 
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𝐶
𝐶

𝐾

𝛾
 
 ⁘ 𝐶

𝐾
⁘ 𝑽𝟐   − 

K

γ
 𝑽𝟐 = 𝟎

≪

𝓛 𝓤 𝓡 , 𝓤 𝓡 ,



4. Example of Results
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2D DYNAMIC MAGNETOHARMONIC CALCULATION WITH THE FINITE ELEMENT METHOD

Application to electrical steels (GOES & NGOES)



5. Symmetries and Invariance
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CPT properties of TMPT Lagrangian (                                                              )

Dual Lorentz transformation of referential frame (galilean motion at speed ) that
keeps invariant the action



 
/

𝕍 =

𝛼 −𝛼𝛽

+𝛼𝛽 1 + 𝛼 − 1
𝛽

𝛽

     

−𝛼𝛽 −𝛼𝛽

𝛼 − 1
𝛽 𝛽

𝛽
𝛼 − 1

𝛽 𝛽

𝛽

+𝛼𝛽 𝛼 − 1
𝛽 𝛽

𝛽

+𝛼𝛽 𝛼 − 1
𝛽 𝛽

𝛽

     

1 + 𝛼 − 1
𝛽

𝛽
𝛼 − 1

𝛽 𝛽

𝛽

𝛼 − 1
𝛽 𝛽

𝛽
1 + 𝛼 − 1

𝛽

𝛽

Material constant
« Speed of magnetization » :

𝑔  = 𝑑𝑖𝑎𝑔 1,1,1,1

Lorentz factors :                      and

Metrics:                              , Invariant 4-vectors:

𝜗𝑡
𝑥

𝑥

𝑥

= 𝕍

𝜗𝑡
𝑥
𝑥
𝑥

x x

𝑑𝑒𝑡𝕍 = 1

𝛼 𝜗, �⃗� , 𝛼  �⃗�, �⃗� , 𝛼
𝜗


, 𝚥



6. Application Examples

Hysteresis, permeability
& losses are due to the 
magnetization
mechanisms within
domains & walls

Ferromagnetic Materials 
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Ferroelectric and Multiferroïc Materials 

Donald M Evans
DOI: 10.1515/psr-2019-0067

Permeability

Losses in a sheet

Walls (DWD)

~100 m

Domains (DMR)

Losses

Both magnetically and electrically polarized domains

Hysteresis

�⃗� = 𝑽𝑱
𝟐 𝝋𝑱 = 𝑽𝑱

𝟐 
𝑱
𝟐 − 

𝑱
𝟐 𝑱𝒔𝟏

𝑷 = 𝑽𝑷
𝟐 𝝋𝑷 = 𝑽𝑷

𝟐 
𝑷
𝟐 − 

𝑷
𝟐 𝑷𝒔𝟏

Magnetic Polarization:

Electric Polarization:



6. Application Examples

Loss
reduction
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Processes with TMPT control

p

laser line

e1


e2

USPL
fs laser
(500 fs)

SPL
ps laser
(4000 ps)

LPL
ns laser
(100 ns)

Domains refinement by 
Surface Laser treatments

Noise 
reduction
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6. Application Examples

Accurate Sensors
(sensitivity factor)

Magnetic cores

Sensitive Actuators
(threshold )
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Cores with various shapes
(permeability spectra)

Classical magnetic components
(impedance, losses, yield …)

primary

secondary

Magnetic core Magnetic coreMagnet

Coil Mover

bars, rods, 
wires …

rings…

Chokes

Circuit breakers, 
pulse transformers, 
current transformers, 
actuators

transfos, Motors, generators …

2LU1 LNU2



7. Discussions 

Theory v.s. Observations 
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O. Maloberti, M. Nesser, E. Salloum, S. Panier, J. Fortin, P. Dassonvalle, C. Pineau, T. Nguyen, J-P. Birat, I. Tolleneer, “The Tensor Magnetic 
Phase Theory for mesoscopic volume structures of soft magnetic materials – Quasi-static and dynamic vector polarization, apparent 
permeability and losses“, conférence SMM 24th, Poznan, Poland, 2019.

V z = V
cosh  1 + jτ ω z

cosh
 1 + jτ ω ζ

2

=0.5 mm
Kan=Kanuan =Kan(1,0,0)T

110 = 100 µm, 220 = 330 = 200
µm, 120 = 130 = 230 = 10000 µm >>,
at the surface.

𝜕 . − 1 + τ 𝜕 . V = 0

[V2]=[2]-1 ?

κ = (= 4 /  𝑚𝑚 )

Solution:

J.W. Shilling, JR. L. Houze, “Magnetic properties and domain structure in grain-oriented 3% 
Si-Fe”, Trans. on Magnetics, vol. MAG-10, no. 2, pp. 195, 1974.
Masaaki Inamura, “AC magnetostriction in Si-Fe single cristal close to (110)[001]”, IEEE 
Transactions on Magnetics”, vol. MAG-19, no. 1, january 1983.

Λ 𝑧 =

Λ 0 0

0 Λ 0

0 0 Λ

GOES model

 = (Can/Cex)*(Kan/w)2 + (C/Cex)*(Kan/w)2(92C/4Kan) -
(Cs/Cex)*(Kan/w)2(3s/2Kan) defines the space variations of [V2]=[2]-1.

Stress free distribution



7. Discussions: Theory v.s. Measurements
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O. Maloberti, M. Nesser, E. Salloum, S. Panier, J. 
Fortin, P. Dassonvalle, C. Pineau, T. Nguyen, J-
P. Birat, I. Tolleneer, “The Tensor Magnetic 
Phase Theory for mesoscopic volume structures 
of soft magnetic materials – Quasi-static and 
dynamic vector polarization, apparent 
permeability and losses.”, ELSEVIER Journal of 
Magnetism and Magnetic Materials, vol. 502 
(May 2020), 166403, 
https://doi.org/10.1016/j.jmmm.2020.166403
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0 =110

Surface structure

Apparent permeability

V z = V
cosh  1 + jτ ω z

cosh
 1 + jτ ω ζ

2

𝝁𝐚𝐩𝐩  =
 𝟏

𝛇
𝐕𝟐 𝐝𝐳

𝛇
𝟐

𝛇
𝟐

𝚲𝟎
𝟐 𝟏 + 𝐣𝝈 𝚲𝟎

𝟐  𝟏𝛚
𝟏 𝐇𝐚

𝐇𝐚

≪ 𝛏 >𝐫>𝐭= 𝛑 < 𝐇𝐬𝐮𝐫𝐟 < 𝛛𝐭𝐉 >𝐫>𝐭 𝐝𝛚 < 𝐉 >𝐫

𝟐 𝟏

Time delay of domains structure

Energy lost / loop

GOES with different thicknesses



7. Conclusion and Forthcoming

● Results: Invariant Energy Formulation for the
o Geometry, field and stress dependant domains and flux at long distance
o Variability of magnetic domains with phases, dynamics and losses
o Anisotropic behaviour intrinsic in the tensor variables 

● Forthcoming:
o Couple NL TMPT and classical fields at boundaries and in the volume
o Consider Variability, i.e. different types of anisotropy (cubic …)
o Rebuild vector Hysteresis loops with memory and dynamics …
o Dual wave equations at high frequencies (BN noise, spin waves …)
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OLIVIER MALOBERTI

Materials of Electrical Engineering
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APPENDIX

TENSOR PARAMETERS
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MAGNETOSTRICTION

STIFFNESS

𝓾  = +
3

2

𝒎𝒎

𝑀
∘    ⁘ 𝒔 ⁘

𝒎𝒎

𝑀
  with

Orhtotropic material

with𝓾 = −
9

4

𝒎𝒎

𝑀
∘   𝟐 ⁘ 𝑪 ⁘

𝒎𝒎

𝑀
 



APPENDIX

VECTOR & TENSOR OPERATORS
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APPENDIX

VECTOR & TENSOR OPERATIONS
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APPENDIX

VECTOR & TENSOR PROPERTIES
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APPENDIX – discussion about saturation

TOWARDS 
SATURATION
Limit study
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�⃗� = 𝑽𝑱
𝟐 𝝋𝑱 = 𝑽𝑱

𝟐 
𝑱
𝟐 − 

𝑱
𝟐 𝑱𝒔𝟏


𝑱
𝟐 − 

𝑱
𝟐 𝑱𝒔𝟏

𝒔𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏
𝑱

𝟐 𝑱𝒔

�⃗�
𝒔𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏

𝑽𝑱
𝟐 𝑱

𝟐 𝑱𝒔 = 𝑱𝒔

𝝋𝑱 = 
𝑱
𝟐 − 

𝑱
𝟐 𝑱𝒔𝟏
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