Diamagnetism of an atom
Unpaired electrons — rotation around atomic orbitals B [H
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Curie paramagnetism
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Zeemann splitting under the magnetic field, H
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Split to two at S=1/2. The thermal distribution is
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EWE-%- Curie paramagnetism
X =MH X <1/T>0
X =10-3 emu/mol
Metals
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Organic compounds without unpaired electrons
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Pauli paramagnetism in Metals %D(E)
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Pauli paramagnetism in Metals 2
X =uzD(E)

temperature independent
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Magnetic order

Ferromagnetism:parallel spins
The material is a magnet.

J>0
Si/IS; parallel is stable

Antiferromagnetism:
alternately antiparallel spins
Not a bulk magnet.

J<0
S,&S; antiparall is stable
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Spin Hamiltonian
H=-),2J;5i5 | ~gugH DS
Inferaction Zeemann splitting

S;is a vector like (S,, S, S,) (Heisenberg model).
Large magnetic anisotropy (the spin is always aligned in a particular
direction (S,) by the crystal field) — only S,

(Ising model)
§=1/2,§=1/2 - =2 )
§;=1/2, §;=—1/2 - J2 ] energy difference J
(Old literatures define H =-2_J ij§i§j make J duplicated.)
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Molecular field approximation
We can sum up 2 j and use the average.
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_ 23 average effective (mternal) field on S;,
Hert z 5 <S generated by the surrounding S;

S;should be tlme dependent, but we use the average value <S;>.
(molecular-field or mean-field approximation)

Thermal distribution similarly obtained as Curie paramagnetism gives:
NiPH - H—HyetH

M kgl M= X o(HetH) molecular field coefficient
using M=Ng ¢ z<S> ZZJ“— ‘
f =——— M =aM
put this to the above eq. N (g,uB)
M= x ,(aM+H)
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J>0— 6>0 Ferromagnetism magnetization
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il Usually small domains are randomly oriented.
Pt T, T Magnetic fields align the domain spins,
Curie temperature to make the material a bulk magnet.
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Alternating antiparallel alignment of
different spins makes net bulk magnetism.
e.g. Ferrite Fe;O, has Fe®* and Fe?".

J<0— 6<0 Antiferromagnetism
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Spin in an antiferromagnetism is restricted in a particular direction, due to
1) the dipole-dipole interaction, or 2) crystal field.
spin flop: increase H makes a spin L H state suddenly at H.
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Electron Spin Resonance (ESR)

more sensitive than SQUID
one crystal
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Generating Low Temperatures

195 Kdry ice
77 K
liquid N,
15K 42K
pumping 1He
0.3 K
SHe
pumping

SHe/*He dilution
refrigerator
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Liquid Helium is used ALWAYS
in a CLOSED system.

transfer tube

Both heat capacity and thermal conductivity
decrease at low temperatures.
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Superconducting Magnet Thermometer
Ehs = Pt resistor
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Themocouple

Themocouple E#

w0 Alumel « chromel 60~400 K mh\! Alumel « chromel 60~400 K
Cu * contantan 60~400 K et Cu * contantan 60~400 K
Au/Fe * chromel 4~400 K Q Au/Fe * chromel 4~400 K
o T ‘ tant Connect two kinds
5 " semiconductor g o Mgl of metals,
fi. oy Aut0.07%Fe metal 100.000 ;: 2 Au+007%Fe apply temp diff.
H = Crone H = o between 7;, and T..
) Aut0.07%Fe ” " ’ Aut+0.07%Fe Standard 7-2
Sy R s normal g 0C(ice), LN, rt
i Y - ) i 7, is measured.
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Q@ : entropy of electron=curvature of energy band
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