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Questions to kick-off the lecture
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• What are examples of anisotropy in physics?

• How does anisotropy show up in magnetism?

• Is anisotropy an important property of magnets?

• Where does magnetic anisotropy come from?

• How to control magnetic anisotropy?



Magnetic anisotropy

• How to describe it?

• Where does it come from?

• How to measure it?

• How to control it?
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Magnetism –
quantum mechanical phenomenon

Sz = ±h/2

Spin
(1922-1925)

Ferromagnet

M

TC

TC= 1043 K     1390 K        629 K

N

S

“clever, but nothing to do with reality”…
“two-valuedness not describable classically"

W. Pauli
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R. Kronig G. Uhlenbeck S. Goudsmit



Magnetism –
the strongest quantum mechanical phenomenon

Sz = ±h/2

Spin
(1925)

Ferromagnet

M

TC

TC= 1043 K     1390 K        629 K

Exchange interaction
(1926)

≠

Eex=-JSiSj P. DiracW. Heisenberg

S1 S2
Sn-1 Sn

…

M= −𝛾
σ 𝑆𝑖

𝑉

TC =2J<S>2/3k

Weiss-

Heisenberg model
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Magnetism –
the strongest quantum mechanical phenomenon

Sz = ±h/2

Spin
(1925)

Ferromagnet

(J>0)

Exchange interaction
(1926)

≠

Eex=-JSiSj

S1 S2
Sn-1 Sn

…

M≠ 0

Antiferromagnetism
(1930)

Ferrimagnetism
(1948)

M= 0M= −𝛾
σ 𝑆𝑖

𝑉
≠ 0

L. Néel
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S1 S2 Sn-1Sn

…

Antiferromagnet

(J<0)

Ferrimagnet

(J<0)
S1 S2 Sn-1Sn

…



Theory

• Exchange interaction does not depend on direction of spins.
• There is no preferred direction for spins in magnets.
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Experiment

• Magnetic properties depend on the direction of external magnetic field (or stimulus of other kind).
• Spins in a magnet do have a preferred direction.

The simplest theoretical models describe isotropic magnets.

Strong magnetic anisotropy is often the main requirement
for application of magnets.

Taken from J. D. M. Coey,  Magnetism and magnetic Materials, 
(Cambridge University Press 2009).



Magnets in today’s technology
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Magnetic anisotropy

• How to describe it?

• Where does it come from?

• How to measure it?

• How to control it?
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Description of magnetic anisotropy
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Taken from J. D. M. Coey, Magnetism and magnetic Materials, (Cambridge University Press 2009).

Easy magnetization axis or just “easy axis” 
Fe - [001] direction (as well as [010] and [100])
Co – [001] direction



“ Physicist seeks to make complicated things simple,
while a poet seeks to make simple things complicated.”
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L. D. Landau
(1908-1968)

A. Einstein
(1879-1955)

Thermodynamics “is the only physical theory
of universal content, which I am convinced,
that within the framework of applicability of
its basic concepts will never be overthrown.”



Macrospin approximation: intuitive (classical) view 
of quantum (counter-intuitive) phenomenon

Ferromagnet

(J>0)

S1 S2
Sn-1 Sn

…

S1 S2 Sn-1Sn

…

Antiferromagnet

(J<0)

Ferrimagnet

(J<0)
S1 S2 Sn-1Sn

…

M= −𝛾
σ 𝑆𝑖

𝑉
≠ 0 L= −𝛾

σ(𝐒↑−𝐒↓)

𝑉
M= −𝛾

σ 𝑆𝑖

𝑉
≠ 0

𝑑𝑈 = 𝑑𝑊 + 𝑑𝑄

𝑑𝑊 = 𝜇0𝐇𝑑𝐌
𝑑𝑄 ≤ 𝑇𝑑𝑆

𝑈 - internal energy

𝑊 - work

𝑄 - heat

𝜎 - entropy
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𝑑𝑈 ≤ 𝜇0𝐇𝑑𝐌+ 𝑇𝑑𝑆

𝑑𝑈 ≤ 0



Thermodynamic approach to magnetism
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𝑑𝑈 = 𝑑𝑊 + 𝑑𝑄

𝑑𝑊 = 𝜇0𝐇𝑑𝐌
𝑑𝑄 ≤ 𝑇𝑑𝑆

Two variables in our experiments are 𝑇 and 𝐻.

We need to design a function Φ, which is being a function of 𝑇 and 𝐻 is also at minimum, 

if the magnet is at thermodynamic equilibrium.

Φ = 𝑈 − 𝑇𝑆 − 𝜇0𝐇𝐌

𝑑Φ = 𝑑𝑈 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇 − 𝜇0𝐇𝑑𝐌− 𝜇0𝐌𝑑𝐻 ≤ 𝑆𝑑𝑇 − 𝜇0𝐌𝑑𝐻

Φ = Φ0 𝑀, 0 − 𝜇0𝐇𝐌

𝑑𝑈 ≤ 𝜇0𝐇𝑑𝐌+ 𝑇𝑑𝑆

𝑑𝑈 ≤ 0

For fixed 𝑇 and 𝐻 one finds 𝑑Φ ≤0.

If a system is on its own at fixed 𝐻 and 𝑇, function Φ can only decrease or stay constant. 

Hence, at thermodynamic equilibrium Φ is at minimum.



How to introduce magnetic anisotropy?
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Φ = Φ0 𝑀, 0 − 𝜇0𝐇𝐌+ 𝑈𝑎𝑛𝑖

𝐦 =
𝐌

𝐌
𝑚𝑥
2 +𝑚𝑦

2 + 𝑚𝑧
2 = 1

𝑈𝑎𝑛𝑖 = ෍

𝑖𝑗𝑘…𝑙

𝐾𝑖𝑚𝑖 + 𝐾𝑖𝑗𝑚𝑖𝑚𝑗 + 𝐾𝑖𝑗𝑘𝑚𝑖𝑚𝑗𝑚𝑘 +⋯+ 𝐾𝑖𝑗𝑘…𝑙𝑚𝑖𝑚𝑗𝑚𝑘 …𝑚𝑙

Taylor series



How to introduce magnetic anisotropy?
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Φ = Φ0 𝑀, 0 − 𝜇0𝐇𝐌+ 𝑈𝑎𝑛𝑖

𝐦 =
𝐌

𝐌
𝑚𝑥
2 +𝑚𝑦

2 + 𝑚𝑧
2 = 1

𝑈𝑎𝑛𝑖 = ෍

𝑖𝑗𝑘…𝑙

𝐾𝑖𝑚𝑖 + 𝐾𝑖𝑗𝑚𝑖𝑚𝑗 + 𝐾𝑖𝑗𝑘𝑚𝑖𝑚𝑗𝑚𝑘 +⋯+ 𝐾𝑖𝑗𝑘…𝑙𝑚𝑖𝑚𝑗𝑚𝑘 …𝑚𝑙

Taylor series

All odd terns have no physical sense, as the energy of magnetic anisotropy must be 
invariant with respect to time reversal.



How to introduce magnetic anisotropy?
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Φ = Φ0 𝑀, 0 − 𝜇0𝐇𝐌+ 𝑈𝑎𝑛𝑖

𝑈𝑎𝑛𝑖 = 𝐾(𝑚𝑥
2 +𝑚𝑦

2)

𝐦 =
𝐌

𝐌
𝑚𝑥
2 +𝑚𝑦

2 + 𝑚𝑧
2 = 1

𝐾 > 0 anisotropy of “easy-axis” type
𝐾 < 0 anisotropy of “easy-plane” type

Energy 
of magnetic anisotropy

𝑈𝑎𝑛𝑖 = ෍

𝑖𝑗𝑘…𝑙

𝐾𝑖𝑚𝑖 + 𝐾𝑖𝑗𝑚𝑖𝑚𝑗 + 𝐾𝑖𝑗𝑘𝑚𝑖𝑚𝑗𝑚𝑘 +⋯+ 𝐾𝑖𝑗𝑘…𝑙𝑚𝑖𝑚𝑗𝑚𝑘 …𝑚𝑙

Uniaxial magnetic anisotropy, where the z-axis is a special one

z



Magnetic anisotropy and field hysteresis
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M

A↑ B↑ C↑ D↑

A↓ B↓ C↓ D↓-B↓-C↓-D↓

A↑

D↑

C↑

C↓A↓-C↓

-D↓

M

H

Coexistence of different phases results in a hysteresis
with the width defined by the barrier.



How to introduce magnetic anisotropy?
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Φ = Φ0 𝑀, 0 − 𝜇0𝐇𝐌+ 𝑈𝑎𝑛𝑖

𝑈𝑎𝑛𝑖 = 𝐾(𝑚𝑥
2 +𝑚𝑦

2)

𝐦 =
𝐌

𝐌
𝑚𝑥
2 +𝑚𝑦

2 + 𝑚𝑧
2 = 1

Uniaxial magnetic anisotropy, where the z-axis is a special one

𝐾 > 0 anisotropy of “easy-axis” type
𝐾 < 0 anisotropy of “easy-plane” type

Cubic magnetic anisotropy 

If the second order terms are not sufficient to describe the magnetic
anisotropy, one should take terms of the next i.e. fourth order. All the included
terms must be invariant under all symmetry operation allowed by the crystal.

𝑈𝑎𝑛𝑖 = −𝐾(𝑚𝑥
4 +𝑚𝑦

4 +𝑚𝑧
4)



Magnetic anisotropy

• How to describe it?

• Where does it come from?

• How to measure it?

• How to control it?
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Magnetic anisotropy
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“the symmetry elements of any physical 

property of a crystal must include the 

symmetry elements of the point group of 
the crystal'.”

F. Neumann
(1798-1895)

• How to describe it?

• Where does it come from?

• How to measure it?

• How to control it?



Magnetic anisotropy and crystal structure
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Why does magnetization feel the crystal structure?



Anisotropy of dipole-dipole interaction
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Consider dipole-dipole interaction of two magnetic dipoles (classical spins).

m1 m2

What is the energy of their interaction?



Intermezzo: 
Interaction of electric dipoles
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+q

-q
r

a 𝐩 = 𝑞𝐚

Dipole moment

Electric field created by the dipole at 𝐫

r+

r-

𝐄 =
1

4𝜋𝜀0
[
𝑞𝐫+
𝑟+

3
−

𝑞𝐫−
𝑟−

3
]

𝐫+ = 𝐫 −
1

2
𝐚𝐫− = 𝐫 +

1

2
𝐚

𝑟−
2 = 𝐫 +

1

2
𝐚

2
≈ 𝑟2 + 𝐫𝐚 = 𝑟2(1 +

𝐫𝐚

𝑟2
)

Since 𝐫 ≫ 𝐚

Since 1 + 𝑥 𝑛 ≈ 1 + 𝑛𝑥 for 𝑥 ≪ 1

𝑟−
−3 = 𝑟−

2 −3/2
≈ 𝑟−3(1 −

3

2

𝐫𝐚

𝑟2
)

Similarly

𝑟+
−3 = 𝑟+

2 −3/2
≈ 𝑟−3(1 +

3

2

𝐫𝐚

𝑟2
)



Intermezzo: 
Interaction of electric dipoles
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+q

-q
r

a 𝐩 = 𝑞𝐚

Dipole moment

Electric field created by the dipole at 𝐫

r+

r-

𝐄 =
1

4𝜋𝜀0

𝑞𝐫+
𝑟+

3
−

𝑞𝐫−
𝑟−

3
=

𝑟−
−3 = 𝑟−

2 −3/2
≈ 𝑟−3(1 −

3

2

𝐫𝐚

𝑟2
)

𝑟+
−3 = 𝑟+

2 −3/2
≈ 𝑟−3(1 +

3

2

𝐫𝐚

𝑟2
)

𝐫+ = 𝐫 −
1

2
𝐚𝐫− = 𝐫 +

1

2
𝐚

=
1

4𝜋𝜀0

𝑞

𝑟3
𝐫 −

1

2
𝐚 1 +

3

2

𝐫𝐚

𝑟2
− 𝐫 +

1

2
𝐚 1 −

3

2

𝐫𝐚

𝑟2
=

1

4𝜋𝜀0

𝑞

𝑟3
−𝐚 +

3𝐫(𝐫𝐚)

𝑟2
=

=
1

4𝜋𝜀0

1

𝑟3
−𝐩 +

3𝐫(𝐫𝐩)

𝑟2



Intermezzo: 
Interaction of electric dipoles
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+q

-q
r

a

𝐩 = 𝑞𝐚

Dipole moment

See also Chapter 3 and Problem 3.36 in D. J. Griffiths, Introduction to electrodynamics (Cambridge University Press, 2017).

𝐄 =
1

4𝜋𝜀0

1

𝑟3
(3(𝐩 ∙ ො𝐫)ො𝐫 − 𝐩)

Electric field created by the dipole at 𝐫

Energy of interaction of dipoles 𝐩1 and 𝐩2

ො𝐫 =
𝐫

𝐫

𝑈12 = 𝐄(𝐩1)𝐩2

r

𝐩1

𝐩2



Anisotropy of dipole-dipole interaction
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Use the analogy between m and p, H and E.
Consider dipole-dipole interaction of two magnetic dipoles (classical spins)

m1

m2 𝐇 =
1

4𝜋

1

𝑟3
(3(𝐦1 ∙ ො𝐫)ො𝐫 −𝐦1)

𝑈12 = −𝜇0𝐦2𝐇

Magnetic field created by dipole 𝐦1 at 𝐫

Energy of interaction of dipoles 𝐦1 and 𝐦2

𝑈12 =
1

4𝜋

𝜇0

𝑅12
3 (𝐦1𝐦2 − 3

𝐦1𝐑12 𝐦2𝐑12

𝑅12
2 )

𝐑12

Dipole-dipole interaction is anisotropic!



Anisotropy of dipole-dipole interaction
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Consider a 1D-chain of magnetic dipoles (classical spins)

𝑈 =
1

2

1

4𝜋
෍

𝑖,𝑘

𝜇0

𝑅𝑖𝑗
3 (𝐦𝑖𝐦𝑘 − 3

𝐦𝑖𝐑𝑖𝑘 𝐦𝑘𝐑𝑖𝑘

𝑅𝑖𝑘
2 )

Total energy of dipole-dipole interactions

m1

m2

mn

mi …
.

…
.

If the spins are ordered ferromagnetically,
dipole-dipole interaction results in “easy-axis”

along the chain.

If the spins are ordered antiferromagnetically,
dipole-dipole interaction results in “easy-plane”

perpendicular to the chain.m1

m2

mn

mi …
.

…
.



Anisotropy of dipole-dipole interaction in real materials
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What about other materials?



Spin-orbit interaction
as a mechanisms of magnetic anisotropy
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ℋ𝑖 = −෍

𝑘

(𝐽𝑖𝑘𝐒𝑖𝐒𝑘 + 𝜇𝐵𝜇0𝐇 𝐋𝑖 + 𝟐𝐒𝑖 + 𝜉𝐋𝑖𝐒𝑖)

𝐦 = −𝜇𝐵(𝐋 + 2𝐒)

ℋ𝑀𝐷 = −𝜇0𝐦𝐇

Exchange
~1 eV

Magnetic
dipole

Spin-orbit
~10 meV



Magnetic anisotropy

• Where does it come from?

• How to model it?

• How to measure it?

• How to control different types of magnetic anisotropy? 
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Measurements of magnetic anisotropy
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Energy 
of magnetic anisotropy



Seemingly paradoxical temperature dependence 
of magnetic anisotropy
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Seemingly paradoxical temperature dependence of 
magnetocrystalline anisotropy
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Magnetic anisotropy

• Where does it come from?

• How to model it?

• How to measure it?

• How to control different types of magnetic anisotropy? 
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Single-ion anisotropy and the periodic table
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Intermezzo:  
Magnetic anisotropy in magnetic data storage
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𝐸𝑎 = 𝑈𝑎𝑛𝑖𝑉

Upon decreasing the size of magnetic bits, one needs magnetic materials
with ever stronger magnetic anisotropy

Data is stable >10 years, if 
𝑈𝑎𝑛𝑖𝑉

𝑘𝑇
> 60

FePt
J. Becker et al, APL 104, 15 (2014).

Fe
Y. Cao er al, JMMM 395, 361 (2015).



Spin-reorientation phase transitions in TmFeO3
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Model for spin reorientation phase transition
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𝑈𝑎𝑛𝑖 = 𝐾1𝑚𝑥
2 + 𝐾2𝑚𝑥

4 = 𝐾1𝑠𝑖𝑛
2𝜃 + 𝐾2𝑠𝑖𝑛

4𝜃

𝑚𝑥 = sin 𝜃 𝑚𝑧 = sin 𝜃

Φ = Φ0 𝑀, 0 − 𝜇0𝐇𝐌+ 𝑈𝑎𝑛𝑖

Φ = 𝐾1𝑠𝑖𝑛
2𝜃 + 𝐾2𝑠𝑖𝑛

4𝜃 + const

The case of 𝐾2 > 0

a) 𝐾1 ≥ 0, 𝜃 = 0, 𝜋

b) 𝐾1 + 2𝐾2 ≤ 0, 𝜃 =
𝜋

2
,
3𝜋

2

c) 𝐾1 + 2𝐾2 ≥ 0 and 𝐾1 ≤ 0, 𝑠𝑖𝑛2𝜃 = −
𝐾1

2𝐾2

Assume that 𝐾2 does not depend on temperature 



Model for spin reorientation phase transition
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𝑈𝑎𝑛𝑖 = 𝐾1𝑚𝑥
2 + 𝐾2𝑚𝑥

4 = 𝐾1𝑠𝑖𝑛
2𝜃 + 𝐾2𝑠𝑖𝑛

4𝜃

𝑚𝑥 = sin 𝜃 𝑚𝑧 = sin 𝜃

Φ = Φ0 𝑀, 0 − 𝜇0𝐇𝐌+ 𝑈𝑎𝑛𝑖

Φ = 𝐾1𝑠𝑖𝑛
2𝜃 + 𝐾2𝑠𝑖𝑛

4𝜃 + const

The case of 𝐾2 < 0

a) 𝐾1 ≥ 0, 𝜃 = 0, 𝜋

b) 𝐾1 + 2𝐾2 ≤ 0, 𝜃 =
𝜋

2
,
3𝜋

2



Surface anisotropy
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Shape anisotropy
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The demagnetizing field, also called the stray field (outside the magnet), is the magnetic

field (H-field) generated by the magnetization M in a magnet.

The effective magnetic field in the magnet itself is thus not equal to the applied magnetic

field, but corrected

𝐻 = 𝐻 − 𝑁𝑀

Here N is demagnetizing factor. For infinite thin plan magnetized in-plane N=0,

while for the one magnetized out-of-plane  N=1.



Photo-induced anisotropy
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Y2CaFe3.9Co0.1GeO12 / GGG (001)

laser CW:  EII[110] EII[1-10]

Domain wall motion (~mm/sec)

A.Chizhik et al. PRB, 57 (1998).    

A.Stupakiewicz et al. PRB, 64 (2001).    

Y3+

Co2+

Co2+

Fe3+

Fe3+

Co3+

Co3+



Exchange bias
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CoO

Co



Take-home message

• Magnetic anisotropy is an intrinsic property of magnets.

• Magneto-crystalline anisotropy as well as other types of magnetic anisotropy is 
convenient to model using the thermodynamic approach.

• There are many ways to control the strength and the type of magnetic anisotropy. 
The depends on chemical composition, shape, temperature of magnets. Magnetic 
anisotropy can also be controlled by light. 

45



46

Gordon Research Conference
“Spin Dynamics in Low Dimension and Low Symmetry Environment”

June 29-July 4, 2025
Les Diablerets, Switzerland



Macrospin approximation: intuitive (classical) view 
of quantum (counter-intuitive) phenomenon

𝑑𝑈 = 𝑑𝑊 + 𝑑𝑄

𝑑𝑊 = 𝜇0𝐇𝑑𝐌
𝜇0𝐇𝑒𝑓𝑓 = −

𝜕𝑈

𝜕𝐌
𝜎

𝑈 - internal energy

𝑊 - work

𝑄 - heat

𝜎 - entropy

47

P. Curie (1894):

"the symmetries of the causes are to be found in the effects". 

dx

dP

dM

Cause Effect Work (W) 

F

E

H

Fdx

EdP

HdM𝐅 = −
𝜕𝑈

𝜕𝐱



Macrospin approximation: intuitive (classical) view 
of quantum (counter-intuitive) phenomenon

Ferromagnet

(J>0)

S1 S2
Sn-1 Sn

…

S1 S2 Sn-1Sn

…

Antiferromagnet

(J<0)

Ferrimagnet

(J<0)
S1 S2 Sn-1Sn

…

M= −𝛾
σ 𝑆𝑖

𝑉
≠ 0 L= −𝛾

σ(𝐒2𝑖−1−𝐒2𝑖)

𝑉
M= −𝛾

σ 𝑆𝑖

𝑉
≠ 0

𝑑𝑈 = 𝑑𝑊 + 𝑑𝑄

𝑑𝑊 = 𝜇0𝐇𝑑𝐌
𝜇0𝐇𝑒𝑓𝑓 =

𝜕𝑈

𝜕𝐌
𝜎

𝑑𝐒

𝑑𝑡
= 𝐓

𝑑𝐌

𝑑𝑡
= −𝛾𝐌× 𝐇𝑒𝑓𝑓

Landau-Lifshitz
equation

(1935)

𝑈 - internal energy

𝑊 - work

𝑄 - heat

𝜎 - entropy

𝐓 - torque

48



Macrospin approximation: intuitive (classical) view 
of quantum (counter-intuitive) phenomenon

S1 S2
Sn-1 Sn

…

S1 S2 Sn-1Sn

…

S1 S2 Sn-1Sn

…

M= −𝛾
σ 𝑆𝑖

𝑉
≠ 0 L= −𝛾

σ(𝐒2𝑖−1−𝐒2𝑖)

𝑉
M= −𝛾

σ 𝑆𝑖

𝑉
≠ 0

−𝜇0𝐻𝑒𝑓𝑓
(𝑗)

= ൗ
𝜕𝐸𝑒𝑥

𝜕𝑆𝑖
~ 1 − 1000 T

tex=30 fs -30 ps

𝑑𝐌

𝑑𝑡
= −𝛾𝐌 × 𝐇𝑒𝑓𝑓

𝛾

2𝜋
= 28 GHz/T

t>>tex

Macrospin

(classical)

t~tex

?Nonequilibrium

state

Ferromagnet

(J>0)
Antiferromagnet

(J<0)

Ferrimagnet

(J<0)
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The case of antiferromagnet

Φ = 𝐴𝐿2 + 𝐵𝐿4 − 𝜇0𝐇𝐌+ 𝑈𝑎𝑛𝑖

50

𝑈𝑎𝑛𝑖 = 𝐾(𝑙𝑥
2 + 𝑙𝑦

2)
𝐾 > 0 anisotropy of “easy-axis” type
𝐾 < 0 anisotropy of “easy-plane” type

𝐥 =
𝐋

𝐋



51



Intermezzo. Elegant derivation of M(T)
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If H=0, Φ = Φ0 𝑀, 0 . From our experience we know that states with magnetization “up” 

and “down” are absolutely equivalent. It means that Φ0 𝑀, 0 = Φ0 −𝑀, 0 i.e. Φ0 must be even

functions of m.

Lets express Φ0 𝑀, 0 in a Taylor series

Again, experimentally we observe that below the Curie temperature the stable state

of a ferromagnet corresponds to a state with | 𝑀 |>0. At the Curie temperature and above it

| 𝑀 |=0. 

Since Φ0 𝑀, 0 must be at minimum in thermal equilibrium, it is clear that A<0 below 

the Curie temperature and A>0 above the Curie temperature.

The simplest possible function A(T) that satisfies this requirement is A(T)=a(T-TC), where 

TC is the Curie temperature, a is a coefficient (a>0).

Φ = Φ0 𝑀, 0 − 𝜇0𝐇𝐌

Φ0 𝑀, 0 = Φ0 0,0 + 𝐴𝑀2 + 𝐵𝑀4 +⋯



Intermezzo. Elegant derivation of M(T)
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F(m,0)=a(T-TC)m2+Bm4

F(m,0) is minimum, when dF(m,0)/dm=0

dF(m,0)/dm=2a(T-TC)m+4Bm3 2a(T-TC)m+4Bm3=0

𝑚 =
𝑎

2𝐵
(𝑇𝐶 − 𝑇) =

𝑎𝑇𝐶
2𝐵

(1 −
𝑇

𝑇𝐶
)
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