
Diamagnetism of an atom
Unpaired electrons → rotation around atomic orbitals
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Given by the sum of the atomic Pascal diamagnetism.

Curie paramagnetism
Magnetic moment from an unpaired electron
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χ is inversely proportional to T.

Curie constant
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χ
Random spins
Aligned under magnetic field.
More easily aligned 

at low temperatures. 
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For S≠1/2

磁化測定：SQUID Superconductor Quantum Interference Device

Measure magnetization M at rt～1.5 K
several ten 
μg sample

Move the sample by 10 cm
up and down.

磁化M

磁化測定：SQUID Superconductor Quantum Interference Device

T

磁化率
χ＝M/H

０

Tk
HNM

B

tanh μμ=

磁化 M

H 磁場

Diamagnetism χ<0
Organic compounds without unpaired electrons

Metals
Pauli paramagnetism χ>0
χ＝10-4 emu/mol

Curie paramagnetism
χ∝1/T>0

χ＝10-3 emu/mol

proportional

Measure magnetization M at rt～1.5 K
several ten 
μg sample
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温度 1/温度

温度に反比例
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磁場をかけると↓よりも↑の方が
安定になる。
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金属の常磁性χ>0
は温度によらず一定
(パウリ常磁性)

Pauli paramagnetism in Metals
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κ-(BEDT-TTF)2Cu(NCS)2

磁化率

温度

超伝導：完全反磁性 χ＝－４π

χ＝－４π →

Pauli paramagnetism in Metals
Curie paramagnetism

antiferromagnetism (MDT-TS)(AuI2)0.441
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Magnetic order
Ferromagnetism：parallel spins 

The material is a magnet.

Antiferromagnetism:
alternately antiparallel spins
Not a bulk magnet.

J>0
Si//Sj parallel is stable

J<0
SiとSj antiparall is stable

Spin Hamiltonian
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Si is a vector like (Sx, Sy, Sz) (Heisenberg model).
Large magnetic anisotropy (the spin is always aligned in a particular 
direction (Sz) by the crystal field) → only Sz

(Ising model)
Si＝1/2, Sj＝1/2 → －J/2
Si＝1/2, Sj＝ー1/2 → J/2 energy difference J

(Old literatures define H ＝ make J duplicated.)− J ij S i S j
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Molecular field approximation

We can sum up Σj and use the average.
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j
∑ average effective (internal) field on Si,

generated by the surrounding Sj

Sj should be time dependent, but we use the average value <Sj>.
(molecular-field or mean-field approximation)
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Thermal distribution similarly obtained as Curie paramagnetism gives:
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∑ Coordination number z for 
nearest neighbor J.

Weiss temperature
J>0→θ>0 Ferromagnetism
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χ→∞ at T →Tc
M≠0 even at H=0 at T < Tc
→ spontaneous magnetism
Tc Fe 1043 K Ni 627 K

Curie temperature

Usually small domains are randomly oriented.
Magnetic fields align the domain spins, 

to make the material a bulk magnet.

M

H
hysteresis

magnetization 
curve

Ferrimagnetism Cu2+ Mn2+

S=1/2  5/2

Alternating antiparallel alignment of
different spins makes net bulk magnetism.
e.g.  Ferrite Fe3O4 has Fe3+ and Fe2+.

χ
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Easy axis in an 
antiferromagnet

Spin in an antiferromagnetism is restricted in a particular direction, due to
1) the dipole-dipole interaction, or 2) crystal field.

M H

H

H

H
easy axis
spin//H

hard axis: spin⊥H
spin flop: increase H makes a spin⊥H state suddenly at Hsf.

Hsf
Hsf = 2Ka

a：molecular field coefficient
K：magnetic anisotropy

at lowest
temp.

J<0→θ<0 Antiferromagnetism

χ

T

χ//
easy axis
// spin

χ⊥
hard axis
spin⊥ antiferromagnetism

paramagnetism

TN Néel temp.〜|Weiss temp.|



Electron Spin Resonance (ESR)

磁場H

Zeeman splitting
H=0

Hg Bμω =h
9.5 GHz → H = 3400 gauss (X band)
35 GHz  → H = 12500 gauss (Q band)

g = 2.0023
for free electron 

microwave 
absorption
I
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measure
the derivative

more sensitive than SQUID
one crystal
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Electron Spin Resonance (ESR)

Linewidth：relaxation time
of the electron spin
large in heavy atoms

narrow for mobile electrons
motional narrowing

very large for magnetic order
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χ＝const.
（metal）
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Electron Spin Resonance (ESR)

linewidth

4He

100 K10 K1 K0.1 K10 mK1 mK

3He/4He dilution 
refrigerator

3He
pumping

pumping

liquid N2

dry ice

1.5 K 4.2 K

77 K
195 K

Temperature

Generating Low Temperatures

0.3 K



Rotary
Pump

to recovery

Liquid Helium is used ALWAYS
in a CLOSED system.

transfer tube

LN2

LHe

Both heat capacity and thermal conductivity
decrease at low temperatures.

Heat capacity Thermal Conductivity

TemperatureTemperature

Superconducting Magnet

sample

He gas flow
to cool the
sample

LHe

transfer tube

Superconducting
Magnet

Themocouple

100 K10 K1 K0.1 K10 mK1 mK

Pt resistor

Temperature

Thermometer

Ge resistor

Carbon resistor

3He 
pressure

Cernox

Ruthenium oxide



Themocouple

Alumel・chromel 60～400 K
Cu・contantan 60～400 K
Au/Fe・chromel 4～400 K

Pt resistor Carbon resistor

semiconductormetal

Themocouple 熱電対

V

T1 T2

contantan

Cu Cu

Connect two kinds
of metals,
apply temp. diff.
between T1, and T2.

Standard T2
0℃(ice)、LN2、rt
T1 is measured.

Themopower Seebeck effect
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Q：entropy of electron＝curvature of energy band

Alumel・chromel 60～400 K
Cu・contantan 60～400 K
Au/Fe・chromel 4～400 K

強磁場：超伝導マグネット ～ 15 T 強磁場

物材機構：35 T ハイブリッド磁石

フロリダ 国立強磁場施設：
45 T ハイブリッド磁石

外側 超伝導磁石
内側 常伝導磁石


