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Last time

Langevin diamagnetism
Moments

- Free ions

- LS couping

- Hund’s rules

- Spectroscopic splitting factor
- Crystal field effects
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Today

Paramagnetism
- Curie paramagnetism
- van Vleck magnetism
- Pauli paramagnetism (metals)
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PARAMAGNETISM



Curie law: G.S.
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Magnetic ground state

Ground state splitting: Epg = gjugH,J;

L=0; S=1/2 J, =+1/2
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Curie

More general: for G.S. with J:

J
2. Qjugle
R

Law: J

2J+1 equi-spaced levels

M=n(M)=n

2

With Brillouin function B;:

2] 2]
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Some paramagnetic salts
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After W.E. Henry, Phys. Rev. 88, 559 (1952)

Gd3, [Xel4f 7, J=7/2
(L=0)

NH,Fe(SO,),
Fed*, [Ar]3d®, J=5/2
L=0

KCr(SO,),
Cr3+, [Ar]3d3, J=3/2
(L quenched)
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van Vleck paramagnetism
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Only one excited state A above GS,

kKT<<A  y=2n 12 13, 0)F

KT

+ % di .
A el Competition between
( )2 van Vleck and
ing(nJ, (0 ' i}
KT>> A 7 =n QJMB< J; > - Langevin 52



Conduction electrons:
Paull paramagnetism
72K2
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Paull paramagnetism
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Pauli paramagnetism
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X

Overview para/diamagnetism

Curie CIT

/ Magnetic ground state
van Vleck

Excited states

Paull + Landau

/ Conduction electrons

\ Langevin (or Larmor)

diamagnetism
Superconductors, No moment systems 3
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Magnetism

Ordered magnetism:
- Magnetic moments
- Strong magnetic interactions
- Response due to polarization - Fe, Ni, Co, Gd, Dy
- Ferro-, antiferro-, ferrimagnetic - CoO, FeO,
high-T, (CuO systems)
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Ordered Magnetism

What if there is a strong interaction between moments ?

—_ —

T Feromagnedsm

NNNNN Antiferromagnetism
T‘T‘T‘T&Tl Ferrimagnetism




Ferromagnetism in Sm; ,,Ho,Fe;O,, (x=2.4)
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Figure 7. Hysteresis loop of the powder calcined at 1450 .

V. da Rocha Caffarena, T. Ogasawara, Mat. Res. 2003 T T T T T T T T T T
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From:

Antiferromagnetism in MnF,
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Ferrimagnetism in SmAI,

Sm3*: [Xe]4f
Spin moment ~ 4ug
Orbital moment ~ 4up
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Ferromagnetic order {1ttt

Para
Ordered

Mean field approximation:
Each moment experiences an additional
“field” proportional to the magnetization
due to the presence of all other moments.

Hnt = AM
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Helical order, skyrmions

oo,
V

conical

o, field polarized

H :] D Si . S] + D ZSl X S] e.g. MnSi, CUZOSGOS
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Image: https://www.cpfs.mpg.de/pgm/NMR-chiral-Baenitz



Mean field approach

Curie-Weiss
Law
M = Y para(Hext +Hmf) /
M _E(Hext+kl\/|)_ c C
Hoyte T Heoy T-Ch T-T,

T> TC_: No ordering, paramagnetic

X:

X e Curie-Weiss valid far above T,
T-Tc Close to T_ more precise calc:

XOC(T_TC)_y
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Mean field approach

T<T,: Ordering, spontaneous ferromagnetic moment

For S=1/2 (Brouillin function, neglect external field):
ngH upAM
M = nug tanh| =—=— | = nug tanh
g tanh{ 3| nig tann{ H22)

t = KT/ Anpg?
m=M/nug

} m = tanh(m/t)

m/t>>1: m=1-2e 2Mm/t

2
> M =M(0) - 2nuge 28" /KT

LT/9T SM
I-dINO 1Ad



Below T.: Sponteneous order

m




Below T.: Sponteneous order

MIT MIT: 0
1.0

Numerically solved m=tanh(m/t)
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Magnetization GaMnAs

B // [001]
T=4K

Lemaitre et al., 2010
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