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ITINERANT MAGNETISM elemental magnets

SDW FM FM FM

AFM

saturation magnetization (µB/atom) 2.216 1.715 0.616

Curie temperature (K) 1044 1388 627

magnetic moments from Curie-Weiss (µB/atom) 2.29 2.29 0.9

ratio CW/saturation 1.03 1.34 1.46

S=1/2

S=10/2
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ITINERANT MAGNETISM elemental magnets
J. Appl. Phys. 50, 7423 (1979)Phys. Rev. B 16, 2095 (1977)



ITINERANT MAGNETISM free electron model

 ignoring the periodic potential of the lattice
 at T=0 states are filled up to kF (spherical symmetry)

𝑔𝑔 𝑘𝑘 𝑑𝑑𝑑𝑑 = 2
4𝜋𝜋𝑘𝑘2𝑑𝑑𝑑𝑑
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volume of 
one k-point

𝑔𝑔(𝐸𝐸)~ 𝐸𝐸

𝑔𝑔 𝐸𝐸𝐹𝐹 =
4𝑚𝑚𝑒𝑒𝑘𝑘𝐹𝐹
ℎ2
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𝐸𝐸𝐹𝐹~𝑛𝑛2/3



ITINERANT MAGNETISM Pauli paramagnetism

 applied field raises one sub-band and lowers the other

E

g(E)

EF

𝜇𝜇𝐵𝐵𝐵𝐵 ≪ 𝐸𝐸𝐹𝐹

∆𝐸𝐸↑ = −𝑔𝑔𝑔𝑔𝜇𝜇𝐵𝐵𝐵𝐵 = −𝜇𝜇𝐵𝐵𝐵𝐵

∆𝐸𝐸↓ = 𝑔𝑔𝑔𝑔𝜇𝜇𝐵𝐵𝐵𝐵 = 𝜇𝜇𝐵𝐵𝐵𝐵

𝑀𝑀 = 𝜇𝜇𝐵𝐵 𝑛𝑛↑ − 𝑛𝑛↓ = 𝜇𝜇𝐵𝐵 𝑔𝑔↑ 𝐸𝐸𝐹𝐹 𝜇𝜇𝐵𝐵𝐵𝐵 − 𝑔𝑔↓ 𝐸𝐸𝐹𝐹 (−𝜇𝜇𝐵𝐵𝐵𝐵) = 𝑔𝑔(𝐸𝐸𝐹𝐹)𝜇𝜇𝐵𝐵2𝐵𝐵

𝑔𝑔↑ 𝐸𝐸𝐹𝐹 = 𝑔𝑔↓ 𝐸𝐸𝐹𝐹 =
1
2
𝑔𝑔(𝐸𝐸𝐹𝐹)

χ𝑃𝑃 = 𝑔𝑔(𝐸𝐸𝐹𝐹)𝜇𝜇0𝜇𝜇𝐵𝐵2 ≪ χ𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼



ITINERANT MAGNETISM Pauli paramagnetism

 itinerant vs localized behavior

𝑛𝑛↑ =
1
2
�
0

∞
𝑔𝑔 𝐸𝐸 + 𝜇𝜇𝐵𝐵𝐵𝐵 𝑓𝑓 𝐸𝐸 𝑑𝑑𝑑𝑑

𝑛𝑛↓ =
1
2
�
0

∞
𝑔𝑔 𝐸𝐸 − 𝜇𝜇𝐵𝐵𝐵𝐵 𝑓𝑓 𝐸𝐸 𝑑𝑑𝑑𝑑

𝑓𝑓(𝐸𝐸) =
1

𝑒𝑒(𝐸𝐸−𝜇𝜇)/𝑘𝑘𝐵𝐵𝑇𝑇 + 1

𝑀𝑀 = 𝜇𝜇𝐵𝐵 𝑛𝑛↑ − 𝑛𝑛↓ ≈ 𝜇𝜇𝐵𝐵2𝐵𝐵�
0

∞𝑑𝑑𝑑𝑑 𝐸𝐸
𝑑𝑑𝑑𝑑 𝑓𝑓 𝐸𝐸 𝑑𝑑𝑑𝑑 = −𝜇𝜇𝐵𝐵2𝐵𝐵�

0

∞𝑑𝑑𝑓𝑓 𝐸𝐸
𝑑𝑑𝑑𝑑 𝑔𝑔 𝐸𝐸 𝑑𝑑𝑑𝑑

degenerate limit (T << EF):
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 ≈ −𝛿𝛿(𝐸𝐸 − 𝐸𝐸𝐹𝐹) χ𝑃𝑃 = 𝑔𝑔(𝐸𝐸𝐹𝐹)𝜇𝜇0𝜇𝜇𝐵𝐵2

non-degenerate limit (n <<): 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 ≈ −

𝑓𝑓
𝑘𝑘𝐵𝐵𝑇𝑇

χ𝐶𝐶 =
𝑛𝑛𝜇𝜇0𝜇𝜇𝐵𝐵2

𝑘𝑘𝐵𝐵𝑇𝑇



ITINERANT MAGNETISM spontaneous band polarization

 on-site repulsion U has to be considerable

E

g(E)

EF

∆𝐸𝐸𝐾𝐾 =
1
2
𝑔𝑔(𝐸𝐸𝐹𝐹)(𝛿𝛿𝛿𝛿)2

δE

∆𝐸𝐸𝑃𝑃 = −
1
2
𝑈𝑈 𝑔𝑔(𝐸𝐸𝐹𝐹)𝛿𝛿𝛿𝛿 2

∆𝐸𝐸 = ∆𝐸𝐸𝐾𝐾 − ∆𝐸𝐸𝑃𝑃 =
1
2𝑔𝑔

𝐸𝐸𝐹𝐹 𝛿𝛿𝛿𝛿 2 −
1
2𝑈𝑈

𝑔𝑔 𝐸𝐸𝐹𝐹 𝛿𝛿𝛿𝛿 2

∆𝐸𝐸 =
1
2𝑔𝑔

𝐸𝐸𝐹𝐹 𝛿𝛿𝛿𝛿 2 1 − 𝑈𝑈𝑈𝑈 𝐸𝐸𝐹𝐹 < 0
𝐹𝐹𝑀𝑀

𝑈𝑈𝑈𝑈 𝐸𝐸𝐹𝐹 > 1

Stoner criterion
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ITINERANT MAGNETISM spontaneous band polarization

 on-site repulsion U has to be considerable

∆𝐸𝐸𝐾𝐾 =
1
2
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𝑈𝑈𝑈𝑈 𝐸𝐸𝐹𝐹 ≲ 1 χ =
χ𝑃𝑃

1 − 𝑈𝑈𝑈𝑈 𝐸𝐸𝐹𝐹
Stoner enhancement (Pd, Pt) → doping with Fe

E

g(E)

EF



ITINERANT MAGNETISM spontaneous band polarization

 pressure effect



ITINERANT MAGNETISM spontaneous band polarization

 pressure effect

PRB 24, 6744 (1981)



ITINERANT MAGNETISM spontaneous band polarization

 ‘non-magnetic’ ferromagnets

𝑀𝑀(𝑇𝑇) = 𝑀𝑀0 1 −
𝑇𝑇
𝑇𝑇𝐶𝐶

2
𝜒𝜒(𝑇𝑇) =

𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑇𝑇2 − 𝑇𝑇𝐶𝐶2



ITINERANT MAGNETISM spontaneous band polarization

 non-Fermi liquid behavior



ITINERANT MAGNETISM spontaneous band polarization

 non-Fermi liquid behavior PRL 93, 256404 (2004)

JPSJ 81, 073706 (2012)



ITINERANT MAGNETISM spontaneous band polarization

 non-Fermi liquid behavior

MnSi



ITINERANT MAGNETISM spontaneous band polarization

 non-Fermi liquid behavior



ITINERANT MAGNETISM Landau levels

 orbital contribution of itinerant electrons when B>0

𝐻𝐻ψ = 𝐸𝐸ψ ψ𝒌𝒌 =
1
𝑉𝑉
𝑒𝑒𝑖𝑖𝒌𝒌𝒌𝒌

𝐸𝐸𝒌𝒌 =
ℏ2

2𝑚𝑚𝑒𝑒
(𝑘𝑘𝑥𝑥2 + 𝑘𝑘𝑦𝑦2 + 𝑘𝑘𝑧𝑧2)

𝐻𝐻 =
𝒑𝒑2

2𝑚𝑚𝑒𝑒
𝐻𝐻 =

1
2𝑚𝑚𝑒𝑒

𝒑𝒑 + 𝑒𝑒𝑨𝑨 2 𝑩𝑩 = (0,0,𝐵𝐵)

𝑨𝑨 = (0,𝐵𝐵𝐵𝐵, 0)

𝐻𝐻 =
1

2𝑚𝑚𝑒𝑒
𝑝̂𝑝𝑥𝑥2 + 𝑝̂𝑝𝑦𝑦 + 𝑒𝑒𝑒𝑒 �𝑥𝑥 2 + 𝑝̂𝑝𝑧𝑧2

𝐻𝐻 =
1

2𝑚𝑚𝑒𝑒
𝑝̂𝑝𝑥𝑥2 + 𝑚𝑚𝑒𝑒

2𝜔𝜔𝑐𝑐2 �𝑥𝑥 − 𝑥𝑥0 2 + ℏ2𝑘𝑘𝑧𝑧2 𝑥𝑥0 = −
ℏ𝑘𝑘𝑦𝑦
𝑒𝑒𝑒𝑒

𝜔𝜔𝑐𝑐 =
𝑒𝑒𝑒𝑒
𝑚𝑚𝑒𝑒

harmonic oscillator

plain wave

𝐸𝐸 = 𝑙𝑙 +
1
2 ℏ𝜔𝜔𝑐𝑐 +

ℏ2𝑘𝑘𝑧𝑧2

2𝑚𝑚𝑒𝑒

or 𝑨𝑨 = (−𝐵𝐵𝐵𝐵, 0,0)

𝑘𝑘𝑥𝑥2 + 𝑘𝑘𝑦𝑦2



ITINERANT MAGNETISM Landau levels

 orbital contribution of itinerant electrons when B>0

𝐸𝐸 = 𝑙𝑙 +
1
2

ℏ𝜔𝜔𝑐𝑐 +
ℏ2𝑘𝑘𝑧𝑧2

2𝑚𝑚𝑒𝑒

𝐸𝐸⊥ = 𝐸𝐸𝐹𝐹 −
ħ2𝑘𝑘𝑧𝑧2

2𝑚𝑚𝑒𝑒

𝐸𝐸𝑙𝑙
𝐸𝐸𝑙𝑙−1
𝐸𝐸𝑙𝑙−2

𝐸𝐸𝑙𝑙+2
𝐸𝐸𝑙𝑙+1

𝐸𝐸𝑙𝑙−4

𝐸𝐸𝑙𝑙−3

𝐵𝐵 = 0 𝐵𝐵 > 0

𝑝𝑝 =
𝑚𝑚𝑒𝑒𝐿𝐿2𝜔𝜔𝑐𝑐
𝜋𝜋ℏ

degeneracy:

χ𝐿𝐿 = −
1
3
𝑚𝑚𝑒𝑒
𝑚𝑚∗

2
χ𝑃𝑃

Landau diamagnetism



ITINERANT MAGNETISM Landau levels

 orbital contribution of itinerant electrons when B>0
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Bi metal is strongly diamagnetic

𝑚𝑚∗~0.01𝑚𝑚𝑒𝑒
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de Haas – van Alphen effect
M(B) oscillations

Shubnikov – de Haas effect
R(B) oscillations

∆
1
𝐵𝐵 =

𝑒𝑒
ℎ

1
𝑆𝑆



ITINERANT MAGNETISM

image source: wikimedia.org

Landau levels

𝐸𝐸⊥ = 𝐸𝐸𝐹𝐹 −
ħ2𝑘𝑘𝑧𝑧2

2𝑚𝑚𝑒𝑒
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𝐸𝐸𝑙𝑙−3

𝐵𝐵 = 0 𝐵𝐵 > 0

Shubnikov – de Haas effect
R(B) oscillations

∆
1
𝐵𝐵 =

𝑒𝑒
ℎ

1
𝑆𝑆

animation

https://en.wikipedia.org/wiki/File:QuantumHallEffectExplanationWithLandauLevels.ogv





ITINERANT MAGNETISM quantum Hall effect

𝐸𝐸⊥ = 𝐸𝐸𝐹𝐹 −
ħ2𝑘𝑘𝑧𝑧2

2𝑚𝑚𝑒𝑒

𝐸𝐸𝑙𝑙
𝐸𝐸𝑙𝑙−1
𝐸𝐸𝑙𝑙−2

𝐸𝐸𝑙𝑙+2
𝐸𝐸𝑙𝑙+1

𝐸𝐸𝑙𝑙−4

𝐸𝐸𝑙𝑙−3

𝐵𝐵 = 0 𝐵𝐵 > 0

𝑅𝑅𝐾𝐾 =
ℎ
𝑒𝑒2 = 25812.80745 Ω

Shubnikov – de Haas effect
R(B) oscillations

∆
1
𝐵𝐵 =

𝑒𝑒
ℎ

1
𝑆𝑆

image source: wikimedia.org

https://physics.aps.org/articles/v8/46


ITINERANT MAGNETISM quantum Hall effect

𝑅𝑅𝐾𝐾 =
ℎ
𝑒𝑒2 = 25812.80745 Ω

integer QHF

fractional QHF

image source: wikimedia.org

https://physics.aps.org/articles/v8/46
https://physics.aps.org/story/v2/st18
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