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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
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PARAMAGNETISM



Non-ordering magnetism

Orbital magnetism p—p+—A

N oOlo

Spin magnetism JotgH-

R [gJ“B':"<nj”'>]2 e’ 2 2 92
Eg ~ MBQJH-<an> i ngn' £, . H <n%(x, +yi }n>
Q> Curie Q> van Vleck Q> Langevin
(para) (para) (dia)

Spin-orbit coupling
Russel-Saunders, Hund’s rules
Crystal field splitting
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Crystal field + spin-orbit

H=H, +QVcg +AL-S
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Paramagnetism

M X X

\_

H T /T

 “Alignment” of weakly interacting magnetic moments
« Magnetic moments = spin, orbit

« Ground state splitting (Curie)

e Curie law y =C/T

 Low lying excited states (van Vleck)

« Metals: Density of states effects (Pauli magnetism)
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Curie law: G.S.

. R
Eg ~ gjugH- <an> " ngn. E,—Eqy . 8mc? " <n

5 i2+Yi2}n>

Magnetic ground state

Ground state splitting: Epg = gjugH,J;

L=0; S=1/2 3 J, =+1/2

—H—i 2A =upHz H
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Curie law: J=1/2

2

For J=1/2: — ] 2A =0 j ugH,

Thermal occupation Ni/N of the two states:

Magnetization M:
(N7 —N>) (qu
M = uplJ-|=nu-tanh| =
V Qi =nu KT

uH uH

2
kT kT LI
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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]

1, JH
B,(x) = 2 +1coth(2‘] +1x]—icoth(ij x = Jits

J o 9jHBIZH/KT

=ngjugJB;(X)

2] 2] KT
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Curie Law: kT>>ugH

X <<1 (uH << KT):
Coth(x):1/x+x/3+x3/45+...

M _Np%ug C
H 5= 3T T

112

p=gjvI0+]

p: effective magneton number

C: Curie constant
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Curie law & Xtal field

Rare earth’s: 4f shell’'s small (‘inner’ electrons)
=> p experimental = p calculated
except for Eus* and Sm3*
where low lying states mix in

Iron group: 3d shell’'s on the outside
=> Crystal field important
p experimental = p calculated

p=2/S(S+1) = p°=3 forS=1/2
as if L,=0 (quenching)
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Effective magneton numbers

Lanthanides
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f-shell filling
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Effective magneton number p
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van Vleck paramagnetism

Eq ~ Qi FI-<njn>+ 5 [QJHBFI-<njn'>]2+ e? H2<n
° e n=n' En-En 8mc?

5 (2 + y?}n>

Non-magnetic groundstate |0)

__N%Egy N (opsI0f &2 N <O
V oH2 Vi En-Eo  amc?V

s

Only one excited state A above GS,

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

+ % di .
A el Competition between
( )2 van Vleck and
ing(nJ, (0 ' i}
KT>> A 7 =n QJMB< Jz > - Langevin 52
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Conduction electrons:
Paull paramagnetism
72K2

3/2
: 2 /3 *
No field: E=—— EF:h*(snzn)2 DE)= 12 2”2‘ VE
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H=0:

Paull paramagnetism

E=

2k2

2m”*

T goHBH

1E

Np = ID(E +pgH) dE

—HB
Er

Q

N

0
EF

1
Ny = | |D(E) dE - pgH-D(Er)

0

Pauli: M =pg(Ny—Ny)

=g D(EF) H =

Landau (dia): M=-

>

[D(E) dE + ugH-D(EF)

2KTE

Xe =

2
Npg

KT

2
3”“8 H
2kTE

2
n“B H

ST/¥VT SM
I-dINO 1Ad



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

VOV
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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




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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Mean field approach

T> TC_: No ordering, paramagnetic

M = %para(Hext +Hmf)

Curie-Weiss
Law

/

M C(Heg+AM)  C  C
A ey T Heg  T-CnL T-T,
)4 = CT More precise
¢ o (T-To)"  y~1.33
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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
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Spontaneous magnetization

m=tanh(m/t)




SmzyHOFes0, (x=2.4)
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V. da Rocha Caffarena, T. Ogasawara, Mat. Res. 2003

10000 5000 0 1000C

H (De)

Figure 7. Hysteresis loop of the powder calcined at 1450 .
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