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Ćwiczenia
Ćwiczenia środowe odrabiamy:
28.10 i 4.11 – 16:00-17:00 (prośba o ustalenie z prowadzacymi
Termodynamikę)

Od przyszłego tygodnia 2 grupy

1.37 Maciej Ściesiek (parzyste nr. indeksu)
2.25 Aneta Drabińska  (nieparzyste nr. indeksu)



clasically:

thus:

[Am2]

m

r

v
Bohr magneton  𝜇𝐵 =

ℏ𝑒

2𝑚0

𝜇𝐵 = 9,274009994(57)×10−24 J/T

2015-11-06 3

Magnetic field and spin
Magnetic field:

𝐻′ = −𝑚𝐵

𝑚 = 𝐼 Ԧ𝑆 =
𝑒

𝑇
𝜋𝑟2 =

𝑒

2𝜋𝑟/𝑣
𝜋𝑟2 =

𝑒

2
𝑟𝑣

𝑚 = −
𝑒

2𝑚0
𝐿 = −

𝜇𝐵
ℏ
𝐿

𝐿 = Ԧ𝑟 × 𝑚0 Ԧ𝑣

𝐿 = 𝐿𝑥 , 𝐿𝑦 , 𝐿𝑧𝐻′ = −𝑚𝐵 =
𝜇𝐵
ℏ
𝐿𝐵

𝜇𝐵 =
ℏ𝑒

2𝑚0

Here 𝑚 is the magnetic moment



Total angular momentum operator መ𝐽 = 𝐿 + መ𝑆, the base | ൿ𝑗,𝑚𝑗

Total magnetic moment 𝑀 = 𝑀𝐿 + 𝑀𝑆 = −𝑔𝐿
𝜇𝐵

ℏ
𝐿 −𝑔𝑆

𝜇𝐵

ℏ
መ𝑆

=1 =2

Spin, spin-orbit interaction

Spin operators መ𝑆𝑥 , መ𝑆𝑦, መ𝑆𝑧, መ𝑆
2

𝑔-factor for the agreement with 
experiments
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Magnetic field and spin

𝐻′ =
𝜇𝐵
ℏ

𝐿 + 𝑔 መ𝑆 𝐵

𝑀 ≠ መ𝐽 - magnetic anomaly of spin

𝜇𝐵 =
ℏ𝑒

2𝑚0



Spin-orbit interaction 𝐻𝑆𝑂 =
𝜆

ℏ2
𝐿 መ𝑆 with the base | ۧ𝑛, 𝑙, 𝑠, 𝑚𝑙 ,𝑚𝑠

For 𝑠-states 𝐿 = 0 ⇒ 𝐿 መ𝑆 = 0
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Magnetic field and spin

Total angular momentum operator መ𝐽 = 𝐿 + መ𝑆, the base | ൿ𝑗,𝑚𝑗

𝐻′ = − Ԧ𝜇𝑆𝐵𝐿

𝐵𝐿 =
𝑍𝑒𝜇0
4𝜋𝑚𝑒

1

𝑟3
𝐿

Biot-Savart law – magnetic field of en electron of angular momentum 𝐿

𝑑𝐵 =
𝜇0𝐼

4𝜋

𝑑 Ԧ𝑠 × Ԧ𝑟

𝑟 3
Orbiting charge: 𝑣 𝑑 Ԧ𝑠 = Ԧ𝑣 𝑑𝑠 𝐼 =

𝑍𝑞𝑣

2𝜋𝑎𝐵

Electron in the external field 𝐵𝐿

http://www.chem.ox.ac.uk/teaching/Physics%20for%20CHemists/Magnetism/Field.html



Spin-orbit interaction 𝐻𝑆𝑂 =
𝜆

ℏ2
𝐿 መ𝑆 with the base | ۧ𝑛, 𝑙, 𝑠, 𝑚𝑙 ,𝑚𝑠
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Magnetic field and spin

Total angular momentum operator መ𝐽 = 𝐿 + መ𝑆, the base | ൿ𝑗,𝑚𝑗

𝐻′ = − Ԧ𝜇𝑆𝐵𝐿

𝐵𝐿 =
𝑍𝑒𝜇0
4𝜋𝑚𝑒

1

𝑟3
𝐿

Biot-Savart law – magnetic field of en electron of angular momentum 𝐿

𝑑𝐵 =
𝜇0𝐼

4𝜋

𝑑 Ԧ𝑠 × Ԧ𝑟

𝑟 3
Orbiting charge: 𝑣 𝑑 Ԧ𝑠 = Ԧ𝑣 𝑑𝑠 𝐼 =

𝑍𝑞𝑣

2𝜋𝑎𝐵

http://www.st-andrews.ac.uk/~dc43/PH4021/Lectures%2011-13%20SPIN-ORBIT%20INTERACTION.pdf

Electron in the external field 𝐵𝐿

𝐵𝐿 =
1

2

𝑍𝑒𝜇0
4𝜋𝑚𝑒

1

𝑟3
𝐿

Thomas factor from relativistic calculations

Ԧ𝜇𝑆 = 𝑔𝑆
𝜇𝐵
ℏ

መ𝑆



Spin-orbit interaction 𝐻𝑆𝑂 =
𝜆

ℏ2
𝐿 መ𝑆 with the base | ۧ𝑛, 𝑙, 𝑠, 𝑚𝑙 ,𝑚𝑠

For 𝑠-states 𝐿 = 0 ⇒ 𝐿 መ𝑆 = 0
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Magnetic field and spin

𝐵𝐿 =
𝑍𝑒𝜇0
4𝜋𝑚𝑒

1

𝑟3
𝐿

http://www.st-andrews.ac.uk/~dc43/PH4021/Lectures%2011-13%20SPIN-ORBIT%20INTERACTION.pdf

Electron in the external field 𝐵𝐿

𝐵𝐿 =
1

2

𝑍𝑒𝜇0
4𝜋𝑚𝑒

1

𝑟3
𝐿

Thomas factor from relativistic calculations

Ԧ𝜇𝑆 = 𝑔𝑆
𝜇𝐵
ℏ

መ𝑆

𝐻′ =
𝑒

𝑚𝑒

መ𝑆 ⋅ 𝐵𝐿 =
𝑍𝑒2𝜇0

8𝜋𝑚𝑒
2

1

𝑟3
መ𝑆 ⋅ 𝐿 =

𝜆

ℏ2
𝐿 መ𝑆

(Note: sometimes convenction is 𝐻′ = 𝜆መ𝑙 Ƹ𝑠)

𝐻𝑆𝑂 =
1

2

𝑍𝑒2

4𝜋𝜖0

𝑔𝑠
2𝑚2𝑐2

𝐿 መ𝑆

𝑟3



Spin-orbit interaction 𝐻𝑆𝑂 =
𝜆

ℏ2
𝐿 መ𝑆 with the base | ۧ𝑛, 𝑙, 𝑠, 𝑚𝑙 ,𝑚𝑠

For 𝑠-states 𝐿 = 0 ⇒ 𝐿 መ𝑆 = 0
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Magnetic field and spin

Total angular momentum operator መ𝐽 = 𝐿 + መ𝑆, the base | ൿ𝑗,𝑚𝑗

𝐻𝑆𝑂 =
𝜆

ℏ2
𝐿 መ𝑆 =

𝜆

ℏ2
1

2
𝐽2 − 𝐿2 − 𝑆2 =

𝜆

ℏ2
𝐿𝑧𝑆𝑧 +

1

2
𝐿+𝑆− + 𝐿−𝑆+

𝜆 =
𝑍𝑒2𝜇0ℏ

2

8𝜋𝑚𝑒
2

1

𝑟3
=

𝑍ℏ3𝛼

2𝑚𝑒
2 𝑐

1

𝑟3

𝛼 =
𝑒2

4𝜋𝜀0ℏ𝑐
≈

1

137.037

𝐸𝑆𝑂 = න𝜓∗𝐻𝑆𝑂𝜓 𝑑𝑉 =
𝑍

2 137 2
න𝜓∗

𝐿 መ𝑆

𝑟3
𝜓 𝑑𝑉

fine-structure constant 𝛼
𝑅𝑦 = ℎ𝑐𝑅∞

𝑅∞ =
𝑚𝑒𝑒

4

8𝜀0
2ℎ3𝑐

𝑅∞ = 1,097 × 107m-1



Spin-orbit interaction 𝐻𝑆𝑂 =
𝜆

ℏ2
𝐿 መ𝑆 with the base | ۧ𝑛, 𝑙, 𝑠, 𝑚𝑙 ,𝑚𝑠

For 𝑠-states 𝐿 = 0 ⇒ 𝐿 መ𝑆 = 0
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Magnetic field and spin

Total angular momentum operator መ𝐽 = 𝐿 + መ𝑆, the base | ൿ𝑗,𝑚𝑗

𝐻𝑆𝑂 =
𝜆

ℏ2
𝐿 መ𝑆 =

𝜆

ℏ2
1

2
𝐽2 − 𝐿2 − 𝑆2 =

𝜆

ℏ2
𝐿𝑧𝑆𝑧 +

1

2
𝐿+𝑆− + 𝐿−𝑆+

1

𝑟3
= 𝑢𝑓𝑓 …𝑢𝑓𝑓𝑓 …𝑢𝑓𝑓𝑓𝑓𝑓 … =

𝑍3

𝑛3𝑎𝐵
3

1

𝑙 𝑙 +
1
2 𝑙 + 1

𝐿 መ𝑆 =
ℏ2

2
𝑗 𝑗 + 1 − 𝑙 𝑙 + 1 − 𝑠(𝑠 + 1)

e.g. for 𝜓210 we get
1

𝑟3
=

1

24

𝑍

𝑎0

3
and for general 𝑛 (principal quantum number) 

𝐸𝑆𝑂 =
𝑍4

2 137 2𝑎0
3𝑛3

𝑗 𝑗 + 1 − 𝑙 𝑙 + 1 − 𝑠(𝑠 + 1)

2𝑙(𝑙 + 1/2)(𝑙 + 1)



Spin-orbit interaction 𝐻𝑆𝑂 =
𝜆

ℏ2
𝐿 መ𝑆 with the base | ۧ𝑛, 𝑙, 𝑠, 𝑚𝑙 ,𝑚𝑠

For 𝑠-states 𝐿 = 0 ⇒ 𝐿 መ𝑆 = 0
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Magnetic field and spin

Total angular momentum operator መ𝐽 = 𝐿 + መ𝑆, the base | ൿ𝑗,𝑚𝑗

3



3

2

𝐿 = 1; መ𝑆 =
1

2

2𝑃3/2

2𝑃1/2

shortly: | ൿ𝑗, 𝑚𝑗

the base: | ൿ𝑛, 𝑙, 𝑠, 𝑗, 𝑚𝑗

ത𝐿 ҧ𝑆 =
1

2
ҧ𝐽2 − ത𝐿2 − ҧ𝑆2 = 𝐿𝑧𝑆𝑧 +

1

2
𝐿+𝑆− + 𝐿−𝑆+



The fine structure means the splitting of the spectral lines of atoms due to electron spin and
relativistic corrections to the Schrödinger equation. We got corrections to the value of
energy levels.
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Fine structure

• Kinetic energy relativistic correction
• Spin-orbit coupling
• Darwin term



The fine structure means the splitting of the spectral lines of atoms due to electron spin and
relativistic corrections to the Schrödinger equation. We got corrections to the value of
energy levels.
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Fine structure

• Kinetic energy relativistic correction
• Spin-orbit coupling
• Darwin term



The fine structure means the splitting of the spectral lines of atoms due to electron spin and
relativistic corrections to the Schrödinger equation. We got corrections to the value of
energy levels.

The square root can be expanded into a series:

thus kinetic energy can be expressed as

and the Hamiltonian is:

The correct description of the atom requires taking into account 
the relativistic effects which lead to the Dirac Hamiltonian.
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Fine structure

𝐸 = Ԧ𝑝2𝑐2 +𝑚0
2𝑐4

𝐸 = 𝑚0𝑐
2 1 +

𝑝2

2𝑚0
2𝑐2

−
𝑝4

8𝑚0
4𝑐4

+⋯ = 𝑚0𝑐
2 +

𝑝2

2𝑚0
−

𝑝4

8𝑚0
3𝑐2

+⋯

𝐸𝐾 = 𝐸 −𝑚0𝑐
2 =

𝑝2

2𝑚0
−

𝑝4

8𝑚0
3𝑐2

+⋯

𝑖ℏ
𝜕

𝜕𝑡
Ψ Ԧ𝑟, 𝑡 = −

ℏ2

2𝑚
𝛻2 + V Ԧ𝑟 −

ℏ4

8𝑚0
3𝑐2

𝛻4 Ψ Ԧ𝑟, 𝑡

• Kinetic energy relativistic correction



Using perturbation theory one can find correction due to the relativistic mass change for
each principal quantum number and corresponding energy 𝐸𝑛.
For instance the electron speed of 1𝑠 in gold 79Au 𝑣 = 53% 𝑐!

Ta
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Correction from this perturbation:
• Small for light atoms
• Rapidly decreases with the principal quantum number 𝑛
• Significant for large 𝑍

11/6/2015 14

Fine structure

𝑖ℏ
𝜕

𝜕𝑡
Ψ Ԧ𝑟, 𝑡 = −

ℏ2

2𝑚
𝛻2 + V Ԧ𝑟 −

ℏ4

8𝑚0
3𝑐2

𝛻4 Ψ Ԧ𝑟, 𝑡

Δ𝐸𝑛
′ = −

𝐸𝑛
2

2𝑚𝑐2
4𝑛

𝑙 +
1
2

− 3 = −
𝛼2𝑍2

2𝑛4
𝐸𝑛

𝑛

𝑙 +
1
2

−
3

4 𝛼 =
𝑒2

4𝜋𝜖0 ℏ𝑐
≈

1

137

𝐸𝑛 = −
𝑚𝑐2𝛼2

2

𝑍2

𝑛2

𝑚 =
𝑚0

1 −
𝑣2

𝑐2



The fine structure means the splitting of the spectral lines of atoms due to electron spin and
relativistic corrections to the Schrödinger equation. We got corrections to the value of
energy levels.
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Fine structure

• Kinetic energy relativistic correction
• Spin-orbit coupling
• Darwin term

𝐻𝑆𝑂 = 𝜆𝐿 መ𝑆 = 𝜆
1

2
𝐽2 − 𝐿2 − 𝑆2 = 𝜆 𝐿𝑧𝑆𝑧 +

1

2
𝐿+𝑆− + 𝐿−𝑆+

=
1

2

𝑍𝑒2

4𝜋𝜖0

𝑔𝑠
2𝑚2𝑐2

𝐿 መ𝑆

𝑟3

e.g. for 𝜓210 we get
1

𝑟3
=

1

24

𝑍

𝑎0

3
and for general 𝑛 (principal quantum number) 

𝐸𝑆𝑂 =
𝑍4

2 137 2𝑎0
3𝑛3

𝑗 𝑗 + 1 − 𝑙 𝑙 + 1 − 𝑠(𝑠 + 1)

2𝑙(𝑙 + 1/2)(𝑙 + 1)



The fine structure means the splitting of the spectral lines of atoms due to electron spin and
relativistic corrections to the Schrödinger equation. We got corrections to the value of
energy levels.
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Fine structure

• Kinetic energy relativistic correction
• Spin-orbit coupling
• Darwin term

Darwin term is the non-relativistic 
expansion of the Dirac equation:

https://pl.wikibooks.org/wiki/Mechanika_kwantowa/Relatywistyczna_teoria_kwant%C3%B3w_Diraca 

𝛽𝑚𝑐2 + 𝑐 

𝑛

3

𝛼𝑛𝑝𝑛 𝜓 Ԧ𝑟, 𝑡 = 𝑖ℏ
𝜕𝜓 Ԧ𝑟, 𝑡

𝜕𝑡

Negative 𝐸 solutiuons to the equation
→ antimatter



The fine structure means the splitting of the spectral lines of atoms due to electron spin and
relativistic corrections to the Schrödinger equation. We got corrections to the value of
energy levels.
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Fine structure

• Kinetic energy relativistic correction
• Spin-orbit coupling
• Darwin term

Darwin term is the non-relativistic expansion of the Dirac equation:

𝛽𝑚𝑐2 + 𝑐 

𝑛

3

𝛼𝑛𝑝𝑛 𝜓 Ԧ𝑟, 𝑡 = 𝑖ℏ
𝜕𝜓 Ԧ𝑟, 𝑡

𝜕𝑡
𝛼, 𝛽 – matrices 4 × 4

𝛼𝑥 =

0 0
0 0

0 1
1 0

0 1
1 0

0 0
0 0

𝛼𝑦 =

0 0
0 0

0 −𝑖
𝑖 0

0 −𝑖
𝑖 0

0 0
0 0 𝛼𝑧 =

0 0
0 0

1 0
0 −1

1 0
0 −1

0 0
0 0

𝛽 =

1 0
0 1

0 0
0 0

0 0
0 0

−1 0
0 −1

https://pl.wikibooks.org/wiki/Mechanika_kwantowa/Relatywistyczna_teoria_kwant%C3%B3w_Diraca 



The fine structure means the splitting of the spectral lines of atoms due to electron spin and
relativistic corrections to the Schrödinger equation. We got corrections to the value of
energy levels.
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Fine structure

• Kinetic energy relativistic correction
• Spin-orbit coupling
• Darwin term

Darwin term is the non-relativistic expansion of the Dirac equation:

𝐻𝐷𝑎𝑟𝑤𝑖𝑛 =
ℏ2

8𝑚2𝑐2
4𝜋

𝑍𝑒2

4𝜋𝜖0
𝛿 Ԧ𝑟

Only for s-orbit, because: 𝜓 Ԧ𝑟 = 0 = 0 for 𝑙 > 0

𝐻𝐷𝑎𝑟𝑤𝑖𝑛 =
ℏ2

8𝑚2𝑐2
4𝜋

𝑍𝑒2

4𝜋𝜖0
𝜓 Ԧ𝑟 = 0 2



The fine structure means the splitting of the spectral lines of atoms due to electron spin and
relativistic corrections to the Schrödinger equation. We got corrections to the value of
energy levels.
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Fine structure

• Kinetic energy relativistic correction
• Spin-orbit coupling
• Darwin term

Total effect (Hydrogen atom):

Δ𝐸𝑛
′ = −

𝐸𝑛
2

2𝑚𝑐2
4𝑛

𝑙 +
1
2

− 3 = −
𝛼2𝑍2

2𝑛4
𝐸𝑛

𝑛

𝑙 +
1
2

−
3

4

𝐸𝑆𝑂 =
𝑍4

2 137 2𝑎0
3𝑛3

𝑗 𝑗 + 1 − 𝑙 𝑙 + 1 − 𝑠(𝑠 + 1)

2𝑙(𝑙 + 1/2)(𝑙 + 1)

𝐸𝐷𝑎𝑟𝑤𝑖𝑛 =
ℏ2

8𝑚2𝑐2
4𝜋

𝑍𝑒2

4𝜋𝜖0
𝜓 Ԧ𝑟 = 0 2 =

1

2
𝑚𝑐2

𝑍𝛼 4

𝑛3

Δ𝐸𝑛
′ = −

𝛼2𝑍2

𝑛2
𝐸𝑛

𝑛

𝑗 +
1
2

−
3

4

http://www.tcm.phy.cam.ac.uk/~bds10/aqp/lec12-14_compressed.pdf
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Fine structure
Paul Dirac calculations:

3P3/2 and 3D3/2

2S1/2 and 2P1/2

Bohr
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Fine structure
Paul Dirac (Nobel 1933) calculations:

3P3/2 and 3D3/2

2S1/2 and 2P1/2

Bohr Dirac
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Fine structure

2S1/2 and 2P1/2

Willis Lamb (Nobel 1955) calculations:

QED – Quantum ElectroDynamics – Lamb shift due to the interaction of the atom with virtual
photons emitted and absorbed by it. In quantum electrodynamics the electromagnetic field is

quantized and therefore its lowest state cannot be zero (𝐸𝑚𝑖𝑛 =
ℏ𝜔

2
), which perturbs

Coulomb potential.
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Fine structure
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Fine structure
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Lamb shift – (Willis Lamb) QED
size of the proton!
(hydrogen vs muonic hydrogen)
[about 1 GHz]

Hyperfine interaction: interaction
with nuclear moment
[21 cm (1420 MHz) for atomic H]

for Hydrogen the order 
of 0.000045 eV
(magnetic field of 
electron 𝐵 ≈ 0.4T)

1
0

.2
 e

V
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Fine structure

The Maxwell wave function of the photon M. G. Raymer and Brian J. Smith, SPIE conf. Optics and Photonics 2005



Term symbol 

an abbreviated description of the angular momentum quantum numbers in a multi-electron atom

Total wavefunction must be antisymmetric  (under interchange of any pair of particle)

Orbital part Spin part
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Multi-electron atom
2S+1 𝐿𝐽

𝜓 Ԧ𝑟, 𝑆𝑧 = 𝜓 Ԧ𝑟 𝜒 𝑆𝑧

𝜓 Ԧ𝑟1, … , Ԧ𝑟𝑁, Ԧ𝑆1, … , Ԧ𝑆𝑁 = 𝜓 Ԧ𝑟1, … , Ԧ𝑟𝑁 𝜒 Ԧ𝑆1, … , Ԧ𝑆𝑁

Multi-electron wavefunction:

Antisymmetric wavefunction + Pauli exclusion principle + Coulomb interaction =
Exchange interaction 



Term symbol 

an abbreviated description of the angular momentum quantum numbers in a multi-electron atom

Total wavefunction must be antisymmetric  (under interchange of any pair of particle)

Orbital part Spin part
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Multi-electron atom
2S+1 𝐿𝐽

𝜓 Ԧ𝑟, 𝑆𝑧 = 𝜓 Ԧ𝑟 𝜒 𝑆𝑧

𝜓 Ԧ𝑟1, … , Ԧ𝑟𝑁, Ԧ𝑆1, … , Ԧ𝑆𝑁 = 𝜓 Ԧ𝑟1, … , Ԧ𝑟𝑁 𝜒 Ԧ𝑆1, … , Ԧ𝑆𝑁

Multi-electron wavefunction:

Antisymmetric wavefunction + Pauli exclusion principle + Coulomb interaction =
Exchange interaction 



Antisymmetric!

Example:

A

B

Two electrons localized on one centrum
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Exchange interaction
Antisymmetric wavefunction + Pauli exclusion principle + Coulomb interaction =

Exchange interaction 

Ψ = Ψ𝑜𝑟𝑏𝑖𝑡𝑎𝑙 × Ψ𝑠𝑝𝑖𝑛



×

Hund’s rules,            ET < ES

Antisymmetric!
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Exchange interaction
Antisymmetric wavefunction + Pauli exclusion principle + Coulomb interaction =

Exchange interaction 

Ψ = Ψ𝑜𝑟𝑏𝑖𝑡𝑎𝑙 × Ψ𝑠𝑝𝑖𝑛



A B Two electrons localized on two centres

Antisymmetric!
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Exchange interaction
Antisymmetric wavefunction + Pauli exclusion principle + Coulomb interaction =

Exchange interaction 

Ψ = Ψ𝑜𝑟𝑏𝑖𝑡𝑎𝑙 × Ψ𝑠𝑝𝑖𝑛

Example:



×

Chemical bonds,      ES < ET
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Exchange interaction
Antisymmetric wavefunction + Pauli exclusion principle + Coulomb interaction =

Exchange interaction 

Ψ = Ψ𝑜𝑟𝑏𝑖𝑡𝑎𝑙 × Ψ𝑠𝑝𝑖𝑛



Thank you for your attention
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What is the „spin”?
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http://www.upscale.utoronto.ca/GeneralInterest/Harrison/SternGerlach/SternGerlach.html



What is the „spin”?
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What is the „spin”?
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http://www.upscale.utoronto.ca/GeneralInterest/Harrison/SternGerlach/SternGerlach.html



Spin filter!

http://www.upscale.utoronto.ca/GeneralInterest/Harrison/SternGerlach/SternGerlach.html

What is the „spin”?
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Spin-filter
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http://www.upscale.utoronto.ca/GeneralInterest/Harrison/SternGerlach/SternGerlach.html



Spin-filter
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Spin-filter

2015-11-06 39

http://www.upscale.utoronto.ca/GeneralInterest/Harrison/SternGerlach/SternGerlach.html



Spin-filter
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http://www.upscale.utoronto.ca/GeneralInterest/Harrison/SternGerlach/SternGerlach.html



Spin-filter
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http://www.upscale.utoronto.ca/GeneralInterest/Harrison/SternGerlach/SternGerlach.html



Spin-filter
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http://www.upscale.utoronto.ca/GeneralInterest/Harrison/SternGerlach/SternGerlach.html



Spintronics
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A crystal:

Magnet
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PARA

Magnetization M in the absence of magnetic field M = 0

Magnet
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ANTYFERRO

Magnet
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Magnetization M in the absence of magnetic field M > 0



ANTYFERRO

Magnet
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Magnetization M in the absence of magnetic field M = 0



ANTYFERRI

Magnet
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Magnetization M in the absence of magnetic field M > 0



Lubna SHAH; Department of physics; University of Delaware

Magnet
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Lubna SHAH; Department of physics; University of Delaware

Magnet
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Magnet
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?

ANTY - FERRO?

Magnet
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?

ANTI - FERRO?

Magnet
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!!

Magnet
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!!

Antiferromagnetic ordering is more preferable

Magnet
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Why there are magnets?

56

Magnet
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Why there are magnets?

Magnet
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Why there are magnets?

Magnet
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External magnetic field B = 0 T
R

es
is

ta
n

ce
R

Magnetic field B Lattice energy Carriers energy

Magnetoresistance
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External magnetic field B > 0 T
R

es
is

ta
n

ce
R

Magnetic field B Lattice energy Carriers energy

Magnetoresistance
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Magnet

2015-11-06 61

Why there are magnets?



Carriers!!!

Magnet
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Magnetoresistance R/R ~ few %

Spintronics
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Magnetoresistance R/R ~ few %

Gigantyczny magnetoopór
(Giant Magnetoresistance – GMR) 1988 
R/R ~ 20 %

Spintronics
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Magnetoresistance R/R ~ few %

Gigantyczny magnetoopór
(Giant Magnetoresistance – GMR) 1988 
R/R ~ 20 %

W
ik

ip
ed
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Spintronics
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Gigantyczny magnetoopór
(Giant Magnetoresistance – GMR) 1988 
R/R ~ 20 %

Magnetoresistance R/R ~ few %

Spintronics
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Magnetoresistance R/R ~ few %

Gigantyczny magnetoopór
(Giant Magnetoresistance – GMR) 1988 
R/R ~ 20 %

Kolosalny magnetoopór
(Colossal Magnetoresistance – CMR) 
1993 R/R ~ several orders
of magnitude!

Spintronics
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Seagate 60GB 1.8-inch Hard Drive Toshiba 60GB 1.8-inch Hard Drive Hitachi 1.0-inch 6GB Micro Drive 

2006



2009



1TB

2011



Magnetic tunnel junction (MTJ)

Ferromag. (soft)

Insulator (barrier)

Ferromag. (hard)

Ferromag. 
Co, Py, FeCo, etc.

Barrier
Al2O3, MgO, etc.

TMR(%)=(RAP-RP)/RP *100

Takahiro Moriyama http://www.ece.udel.edu/~appelbau/spintronics/

Spintronics
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http://www.ing.unitn.it/~colombo/hard_disks/Magnetic_Heads_003.html

gmr_pc.exe

Spintronics
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../7_Spintronika/gmr_pc.exe


http://www.ing.unitn.it/~colombo/hard_disks/Magnetic_Heads_003.html

Spintronics
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http://www.research.ibm.com/resources/news/20001207_mramimages.shtml



Spintronika
Limit Superparamagnetyczny

http://www.ing.unitn.it/~colombo/hard_disks/Magnetic_Heads_003.html



MRAM architecture

Word line

Bit line

parallelAnti -parallel

Spintronics
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Takahiro Moriyama http://www.ece.udel.edu/~appelbau/spintronics/



http://www.research.ibm.com/resources/news/20001207_mramimages.shtml

Spintronics
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DRAM MRAM Flash EEPROM FeRAM

Trwałość zapisu Nie TAK TAK TAK

Czas zapisu 50ns 10 to 50ns 1us or longer 30 to 200ns

Czas odczytu 50ns 10ns to 1us 20 to 120ns 30 to 200ns

Metoda odczytu Destructive Non-Destructive Destructive Non-Destructive

Rewrite cycle 1015 1015 105 1012 to 1015

Pobór prądu 100mA 10mA 10 to 100mA 10mA

Prąd uśpienia 100uA 1uA or lower 1uA or lower 1uA or lower

Zalety MRAM

MRAM pokonuje DRAM !!

DRAM: Dynamic Random Access Memory
Flash EEPROM: Electrically Erasable Programmable Read-Only Memory
FeRAM: Ferroelectric RAM

Takahiro Moriyama http://www.ece.udel.edu/~appelbau/spintronics/

Spintronics
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Magnetoresistance R/R ~ few %

Gigantyczny magnetoopór
(Giant Magnetoresistance – GMR) 1988 
R/R ~ 20 %

Kolosalny magnetoopór
(Colossal Magnetoresistance – CMR) 
1993 R/R ~ several orders
of magnitude!

Spintronics
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JIN S, TIEFEL TH, MCCORMACK M, FASTNACHT RA, RAMESH R, CHEN LH et al.
Thousandfold change in resistivity in magnetoresistive La-Ca-Mn-O films. Science
264, 413−415 (1994)

Collosal magnetoresistance
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Collosal magnetoresistance
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http://www.aip.org/png/2002/155.htm

Ballistic Magnetoresistance 

Ballistic magnetoresistance
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http://www.aip.org/png/2002/155.htm

Ballistic magnetoresistance
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