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III. Magnetic Anisotropy & III. Magnetic Anisotropy & 
MagnetoelasticMagnetoelastic EffectsEffects

참고참고:: Chap. 6, 7 & 12 in O’Handley,
Chap. 7, 8, 10 & 11 in Cullity

Chap. 5 & 6 in Jiles

강의 6
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Types and Origin of Magnetic Anisotropy

Magnetic anisotropy : The preference for the magnetization to lie in a particular direction in a sample 

Types of anisotropy Origins   (energy responsible)

Crystal(or Magnetocrystalline) 
anisotropy

Shape anisotropy

Stress anisotropy 

Induced anisotropy

Exchange(or unidirectional) anisotropy

Crystal symmetry(crystal anisotropy)
- the only intrinsic property

Sample shape (magnetostatic energy) 

Stress (magnetoelastic energy) 

Magnetic annealing : directional order in SS
Stress annealing : anisotropic distribution of solute
Plastic deformation : residual stress
Magnetic irradiation : related to defects generated

Exchange coupling at the interface of fine particles
or through a thin layer

(1) Magnetic Anisotropy
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Manetocrystalline Anisotropy
- Anisotropy field Ha: the field needed to saturate the magnetization in the hard direction. 
- Anisotropy energy : the energy needed to saturate a materials in a particular direction 

(1st order approximation) 

(1) Magnetic Anisotropy (continued)
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Phenomenology of Magnetocrystalline Anisotropy
1) Uniaxial Anisotropy (Hexagonal Anisotropy)

Ex) Co, hexagonal rare earths, barium ferrite, Nd2Fe14B1
- The uniaxial anisotropy energy density = the energy needed to saturate the magnetization in the basal plane (hard axis)

- the energy needed to saturate the magnetization along the c axis (easy axis) 
- Calculation of the anisotropy consatant Ku from M-H curve : rough estimation 
- The minimum energy surface is in the c direction(or in the plane normal to the c axis) (see Fig. 6.6 in O'Handley) 

The uniaxial crystal anisotropy energy density, ua
ua =  Uo/Vo =   ∑Kunsin2nθ = Kuo + Ku1sin2θ + Ku2sin4θ + …

(a power series form)
1st order approximation,  ua = Ku1sin2θ
where θ is the angle of M with respect to the unique axis 
Kuo is independent of the orientation of M
For Ku1 > 0, an oblate spheroid shape of the energy surface
For  Ku1 < 0, a prolate spheroid shape  of the energy surface 

- Experimental data 
For Co at RT, Ku1 = 4.1×105 J/m3 and Ku2 = 1.5×105 J/m3

For Ku1 > 0, the min. ua is along the c axis 
For Ku1 < 0, the min. ua is in the basal plane

(1) Magnetic Anisotropy (continued)
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Phenomenology of Magnetocrystalline Anisotropy
1) Uniaxial Anisotropy (Hexagonal Anisotropy)
-Legendre polynomials, usually for heavy rare earth metals  - Quantitative description of the magnetization process along the hard axis 

(see Fig. 6.7 in O’Handley)                                                      (see Fig. 6.8 in O’Handley) 
The zero-torque condition,∂ua/∂θ = 0, Zeeman energy = – Ms·H
and since ua = Kuo + Ku1sin2θ + Ku2sin4θ (2nd order approx.)

l 2Ku1sinθcosθ + 4Ku2 sin3θcosθ = MsHcosθ
where gl(α) =   ∑ Al

mYl(α) and α = directional cosines Using m = M/Ms = sinθ
m = -l HMs = 2Ku1m + 4Ku2m3

k2 = Ku1− (8/7)Ku2 and k4 = Ku2

(1) Magnetic Anisotropy (continued)
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2) Cubic Anisotropy
Ex) Fe, Ni 
{110} disk-shaped sample (see Fig. 6.2 & 6.3 in O'Handley) 

- Case studies 
① Square or rectangular (001) plane samples of Fe having domain patterns in demagnetized state (see Fig. 6.4 in O'Handley) 
② A spherical sample of Ni along a hard [100] direction (see Fig. 6.1 in O'Handley) 
③ A polycrystalline sample of Fe (see Fig. 6.5 in O'Handley) 

- The anisotropy energy density of a cubic system 
ua = Ko + K1(α1

2α2
2 + α2

2α3
2 +α3

2α1
2) + K2(α1

2α2
2α3

2) + …
where, α1,α2 and α3 are direction cosines of the magnetization along three coordinate axes. 
- Cubic expansion in the orthonormal polynomials
ua

cubic = k0 + k4(α1
2 α2

2 + α2
2 α3

2 + α3
2 α1

2 - 1/5) + k6[α1
2 α2

2 α3
2 – (α1

2 α2
2 + α2

2 α3
2 + α3

2 α1
2 - 1/5)/11 – 1/105 + ···)

k4 = K1 + K2/11 and k6 = K2

(1) Magnetic Anisotropy (continued)
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(1) Magnetic Anisotropy (continued)

2) Cubic Anisotropy
Experimental data 

For Fe, K1 = 4.8×104 J/m3 and K2 = - 1.0×104 J/m3

For Ni, K1 = - 4.5×103 J/m3 and K2 = - 2.3×103 J/m3

For FCC FeNi alloys (permalloys) (see Fig 6.9(a) in O’Handley) 

- Order-disorder transformation at Ni3Fe. 

Chemical ordering favors <111> magnetization 

- Order-disorder transformation at FeCo. 

Chemical ordering favors <100> magnetization 

For BCC FeCo alloys(permendurs) (see Fig 6.9(b) in O’Handley) 

Anisotropy constants for selected materials (see Table 6.1 in O’Handley) 

For Nd2Fe14B1 : tetragonal (see Fig. 6.11 in O’Handley) 
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(1) Magnetic Anisotropy (continued)

Anisotropy constants for selected materials 

(see Table 6.1 in O’Handley) 
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Magnetic Anisotropy (continued)

How does the local magnetic moment distinguish between different crystallographic directions? 
In other words, how is the net atomic moment μJ coupled to the lattice? 

<Ans> The coupling of the spin part of the magnetic moment to the electron orbital shape and orientation 
(spin-orbit coupling) as well as chemical bonding of the orbitals on a given atom with their local 
environment(crystal electric field). 

If the local crystal field seen by an atom is of low symmetry and if the bonding electrons of that atom have 
an aysmmetric charge distribution (Lz ≠ 0), then the atomic orbitals interact anisotropically with the crystal 
field. In other words, certain orientations for the molecular orbitals (or bonding electron charge 
distributions) are energetically preferred. 

- A low symmetry crystal field 
- A non-zero spin-orbit interaction 

Crystal field symmetry from a magnetic pair interaction 
Crystal Field Splitting 

Physical Origin of Magnetocrystalline Anisotropy (Microscopic origin)
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(1) Magnetic Anisotropy (continued)

Application of a field when there is magnetic anisotropy.

A torque is exerted on μS, but S may be coupled to L. 

Two limiting responses 

(1) The crystal field energy D (coupling L to the lattice) 

(2) The spin-orbit interaction (coupling L to S) 

In case 1, D > ξL∙ S (typical in 3d transition metals and alloys), μS will show a weakly 
anisotropic response to Hext while μL is mostly quenched, that is locked to a fixed direction by 
D. → a nonzero orbital angular momentum for the highest occupied electronic state so that the 
orbital senses the crystal field symmetry. 

In case 2, ξL∙ S > D, (typical in rare-earth system), μJ = μS + μL will respond to Hext, but the pull 
of the crystal field in certain directions may be strong if it is of low symmetry, leading to very 
large magnetocrystalline anisotropy. The rotation of the anisotropic orbital charge distribution 
causes large anisotropic strains (magnetostriction). 
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Temperature Dependence of Magnetocrystalline Anisotropy
Intimately related to the symmetry 
of the anisotropy energy function 
(see Fig. 6.18-20 in O'Handley)

(1) Magnetic Anisotropy (continued)
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- Magnetization measurements using a conventional magnetometer 
- Torque magnetometer 
- Torsion pendulum 
- Magnetic resonance 
-Other techniques: Ferromagnetic resonances, 

Mössbauer spectroscopy 
Interpretation of torque curves
i) For a uniaxial crystal

If K2 is negligible, ua = Kuo + Ku1sin2θ
Torque, T = - dua/dθ = - K1sinθcosθ = - K1sin2θ
where, θ = angle between Ms and c-axis(uniaxial axis)

Measurements of Anisotropy

(1) Magnetic Anisotropy (continued)
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(1) Magnetic Anisotropy (continued)

ii) For a cubic crystal
- Sample of (001) surface plane

ua = Ko + K1 sin2θsin2(π/2 - θ) (independent of K2) 

T = - dua/dθ = - (K1/2)sin4θ

where, θ = angle between Ms and [100]
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(1) Magnetic Anisotropy (continued)

ii) For a cubic crystal (continued) Fig. 7.15 in Cullity (see also Fig. 6.24 in O’Handley)

- Sample of {110} surface plane 

ua = Ko + (K1/4) (sin4θ + sin22θ) + (K2/4)(sin4θcos2θ) 

T = - dua/dθ

where, θ = angle between Ms and [100]

- Sample of {111} surface plane

ua = Ko + K1/4 + (K2/108)(1 - cos6θ) 

T = - dua/dθ

where, θ = angle between Ms and [100]
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(1) Magnetic Anisotropy (continued)

Shape Anisotropy : a uniaxial anisotropy
Magntostatic energy, Ems = (1/2)NdM2 (in cgs) (see  Fig. 7.29 in Cullity)

Ems = Kssin2θ
Shape-anisotropy constant, Ks = (Na - Nc)M2/2 
for a prolate spheroid (a < c)
The easy axis is along the c axis and hard along any axis normal to c.

Exchange(or unidirectional) anisotropy
- Exchange coupling refers to a preference for specific relative orientations of the moments of two different magnetic materials when 
they are in intimate contact with each other or are separated by a layer thin enough (< 60) to allow spin information to be 
communicated between the two materials, leading to unidirectional anisotropy.

Stress Anisotropy : a uniaxial anisotropy
Magnetoelastic energy, Eme = Kσsin2θ
If stress-anisotropy constant Kσ = 3λσ /2 >  0, 
the axis of stress is an easy axis

Induced Anisotropy (ref. Chap. 10 in Cullity)
- Magnetic annealing 
- Stress annealing 
- Plastic deformation 
- Magnetic Irradiation
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(1) Magnetic Anisotropy (continued)

Exchange(or unidirectional) anisotropy
-Exchange coupling refers to a preference for specific relative orientations of the moments of two different magnetic materials when 
they are in intimate contact with each other or are separated by a layer thin enough (< 60) to allow spin information to be 
communicated between the two materials, leading to unidirectional anisotropy. (see Fig. 11.25 & Fig. 11.27 in Cullity)
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