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Równanie Schrödingera
Szczególne rozwiązania równania Schrödingera

Potencjał niezależny od czasu

𝐻0 = −
ℏ2

2𝑚

𝜕2

𝜕𝑥2
+𝑈(𝑥)

Potencjał niezależny od czasu 𝐻 = 𝐻0 + 𝑉(𝑡)

𝑉(𝑡) = ቊ𝑊 𝑡
0

dla 0 ≤ 𝑡 ≤ 𝜏
dla 𝑡 < 0 i 𝑡 > 𝜏

Najprostszy przypadek:

t
0 t

𝜓 𝑥, 𝑡 = 𝐴𝜑(𝑥)𝑒−𝑖𝐸𝑡/ℏ

𝑖ℏ
𝜕

𝜕𝑡
𝜓 Ԧ𝑟, 𝑡 = −

ℏ2

2𝑚
𝛻2𝜓 Ԧ𝑟, 𝑡 + 𝑉 Ԧ𝑟, 𝑡 𝜓 Ԧ𝑟, 𝑡
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Atom wodoru

Eigenstates (stany własne) of L :

Atomy
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Real functions (funkcje rzeczywiste):

Atomy
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Atom wodoru

Eigenstates (stany własne) of L :



Spherical harmonics (harmoniki sferyczne) Ylm:

Atomy

05.11.2019 5

Atom wodoru

Eigenstates (stany własne) of L :



Eigenstate:

Quantum numbers!

E.g. hydrogen wavefunction

Stan 1s

Atomy
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Atomy
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http://chemistry.stackexchange.com



Atomy
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http://chemistry.stackexchange.com



Time-independent perturbation theory (rach. zab. bez czasu)

perturbation

Known solutions of unperturbed Hamiltonian

We are looking for the function 𝜓𝑛:           

we can write 𝐸𝑛 and  𝜓𝑛 as power series in λ::

Thus:

comparing coefficients of each power of l

http://pl.wikibooks.org/wiki/Mechanika_kwantowa/Rachunek_zaburzeń_dla_równania_Schrödingera_niezależnego_od_czasu

Perturbation theory (rachunek zaburzeń)
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Eigenfunction

a solution exists only when its determinant : det 𝜆𝐻′ − መ𝐼𝐸 = 0

Time-independent perturbation theory

Perturbation theory (rachunek zaburzeń)

Perturbation
෡𝐻𝑖𝑗
′ = 𝜓𝑖

෡𝐻′ 𝜓𝑗

http://pl.wikibooks.org/wiki/Mechanika_kwantowa/Rachunek_zaburzeń_dla_równania_Schrödingera_niezależnego_od_czasu
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Alkali metal atoms (wodoropodobne):

perturbation theory ෡𝐻 = ෡𝐻0 + ෡𝐻′:

perturbation ෡𝐻𝑖𝑗
′ = 𝜓𝑖

෡𝐻′ 𝜓𝑗

the method:       det ෡𝐻′ − 𝐸 መ𝐼 = 0

a)

b)
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Hydrogen-like atom

෡𝐻0𝜓𝑖 = 𝐸𝑖𝜓𝑖



a)

a)

b)

b)
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Hydrogen-like atom
Alkali metal atoms (wodoropodobne):

perturbation theory ෡𝐻 = ෡𝐻0 + ෡𝐻′:

perturbation ෡𝐻𝑖𝑗
′ = 𝜓𝑖

෡𝐻′ 𝜓𝑗

the method:       det ෡𝐻′ − 𝐸 መ𝐼 = 0

෡𝐻0𝜓𝑖 = 𝐸𝑖𝜓𝑖



Stark effect of hydrogen atom

Eigenfunctions of hydrogen atom for 2p state:
𝜓200, 𝜓21−1, 𝜓210, 𝜓211

zEezEpH 


'

http://pl.wikibooks.org/wiki/Mechanika_kwantowa/Rachunek_zaburzeń_dla_równania_Schrödingera_niezależnego_od_czasu
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Pole elektryczne

Perturbation ෡𝐻𝑖𝑗
′ = 𝜓𝑖

෡𝐻′ 𝜓𝑗

dipole moment p

electric field E



Stark effect of hydrogen atom

Eigenfunctions of hydrogen atom for 2p state:
𝜓200, 𝜓21−1, 𝜓210, 𝜓211

zEezEpH 


'

dipole moment p

electric field E

http://pl.wikibooks.org/wiki/Mechanika_kwantowa/Rachunek_zaburzeń_dla_równania_Schrödingera_niezależnego_od_czasu
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Pole elektryczne

Perturbation ෡𝐻𝑖𝑗
′ = 𝜓𝑖

෡𝐻′ 𝜓𝑗



klasycznie:

Stąd:

[Am2]

m

r

v
Bohr magneton  𝜇𝐵 =

ℏ𝑒

2𝑚0

𝜇𝐵 = 9,274009994(57)×10−24 J/T
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Pole magnetyczne i spin
Pole magnetyczne:

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



Magnetic field:

m

r

v

for 𝐵 = 0,0, 𝐵𝑧

we have: 𝐻′ =
𝜇𝐵

ℏ
෠𝐿𝑧𝐵𝑧 = 𝜇𝐵𝐵𝑧𝑚 where 𝑚 = −𝑙, −𝑙 + 1,… 𝑙 − 1, 𝑙

Here 𝑚 is quantum number | ۧ𝑛, 𝑙, 𝑚

the base:
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Pole magnetyczne i spin

𝐻′ = −𝑚𝐵 =
𝜇𝐵
ℏ
෠𝐿𝐵

𝑚 = 1

𝑚 = 0

𝑚 = −1

𝑙 = 1

𝐵 = 0 𝐵 ≠ 0

| ۧ𝑙,𝑚

𝐿 = Ԧ𝑟 × 𝑚0 Ԧ𝑣

Here 𝑚 is the magnetic moment



Magnetic field:

m

r

v

for 𝐵 = 0,0, 𝐵𝑧

we have: 𝐻′ =
𝜇𝐵

ℏ
෠𝐿𝑧𝐵𝑧 = 𝜇𝐵𝐵𝑧𝑚 where 𝑚 = −𝑙, −𝑙 + 1,… 𝑙 − 1, 𝑙

Here 𝑚 is quantum number | ۧ𝑛, 𝑙, 𝑚

the base:
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Pole magnetyczne i spin

𝐻′ = −𝑚𝐵 =
𝜇𝐵
ℏ
෠𝐿𝐵

𝑚 = 1

𝑚 = 0

𝑚 = −1

𝑙 = 1

𝐵 = 0 𝐵 ≠ 0

| ۧ𝑙,𝑚

𝐿 = Ԧ𝑟 × 𝑚0 Ԧ𝑣

Here 𝑚 is the magnetic moment



http://hyperphysics.phy-astr.gsu.edu

Stern-Gerlach experiment (1922 r.)
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Pole magnetyczne i spin



Pauli matrices:  𝜎𝑥, 𝜎𝑦, 𝜎𝑧

Spinor

projections of the spin on the axis 𝑧

𝜒↑ =
1
0

, 𝜒↓ =
0
1

05.11.2019 19

Pole magnetyczne i spin
Spin, spin-orbit interaction

Spin operators መ𝑆𝑥 , መ𝑆𝑦, መ𝑆𝑧, መ𝑆
2

𝜓 Ԧ𝑟, 𝑆𝑧 = 𝜓 Ԧ𝑟 𝜒 𝑆𝑧

መ𝑆𝑥 , መ𝑆𝑦 = 𝑖ℏ መ𝑆𝑧, etc.

መ𝑆𝑥 =
1

2
ℏ𝜎𝑥 =

1

2
ℏ

0 1
1 0

መ𝑆𝑦 =
1

2
ℏ𝜎𝑦 =

1

2
ℏ

0 −𝑖
𝑖 0

መ𝑆𝑥 =
1

2
ℏ𝜎𝑧 =

1

2
ℏ

1 0
0 −1



Spin, spin-orbit interaction

Spin operators መ𝑆𝑥 , መ𝑆𝑦, መ𝑆𝑧, መ𝑆
2
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Pole magnetyczne i spin

𝐻′ =
𝜇𝐵
ℏ

෠𝐿 + 𝑔 መ𝑆 𝐵

Pauli matrices:  𝜎𝑥, 𝜎𝑦, 𝜎𝑧

መ𝑆𝑥 =
1

2
ℏ𝜎𝑥 =

1

2
ℏ

0 1
1 0

መ𝑆𝑦 =
1

2
ℏ𝜎𝑦 =

1

2
ℏ

0 −𝑖
𝑖 0

መ𝑆𝑥 =
1

2
ℏ𝜎𝑧 =

1

2
ℏ

1 0
0 −1

projections of the spin on the axis 𝑧

𝜒↑ =
1
0

, 𝜒↓ =
0
1

መ𝑆𝑥 , መ𝑆𝑦 = 𝑖ℏ መ𝑆𝑧, etc.
𝑔-factor (𝑔-czynnik) for the 
agreement with experiments
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Polaryzacja światła

Bloch sphere

↓

↓



Bloch sphere
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Polaryzacja światła

𝜎+ 𝜎−



Spin, spin-orbit interaction

Spin operators መ𝑆𝑥 , መ𝑆𝑦, መ𝑆𝑧, መ𝑆
2

𝑔-factor (𝑔-czynnik) for the 
agreement with experiments
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Pole magnetyczne i spin

𝐻′ =
𝜇𝐵
ℏ

෠𝐿 + 𝑔 መ𝑆 𝐵

Pauli matrices (macierze Pauliego):  𝜎𝑥 , 𝜎𝑦 , 𝜎𝑧

መ𝑆𝑥 =
1

2
ℏ𝜎𝑥 =

1

2
ℏ

0 1
1 0

መ𝑆𝑦 =
1

2
ℏ𝜎𝑦 =

1

2
ℏ

0 −𝑖
𝑖 0

መ𝑆𝑥 =
1

2
ℏ𝜎𝑧 =

1

2
ℏ

1 0
0 −1

projections of the spin on the axis 𝑧

𝜒↑ =
1
0

, 𝜒↓ =
0
1

መ𝑆𝑥 , መ𝑆𝑦 = 𝑖ℏ መ𝑆𝑧, etc.

𝑔 = −2.00231930436182 ± 0.00000000000052
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QED – Quantum ElectroDynamics

𝑔 = −2.00231930436182 ± 0.00000000000052



Albert Einstein - Johannes Wander de Haas,
Berlin 1914,  
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Wewnętrzna własność 
elektronów? !

Kwantowy moment pędu

Co to jest spin?
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Spintronika

• Co to jest spin?

No dobra, ale…
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Co to jest spin?

• Co to jest masa?

Mariusz Pudzianowski  http://www.pudzian.pl/
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http://www.chaseday.com

Co to jest spin?
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• Co to jest ładunek?



• Co to jest pęd?

Reuters

Co to jest spin?
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• Co to jest moment pędu?
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Co to jest spin?



• Spin?

Disney

Sebastian Münster, Cosmographia in 1544
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Co to jest spin?
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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 (𝑔-czynnik) for the 
agreement with experiments
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Pole magnetyczne i spin

𝐻′ =
𝜇𝐵
ℏ

෠𝐿 + 𝑔 መ𝑆 𝐵

෡𝑀 ≠ መ𝐽 - magnetic anomaly of spin



Spin-orbit interaction ෡𝐻𝑆𝑂 = 𝜆෠𝐿 መ𝑆 with the base | ۧ𝑛, 𝑙, 𝑠,𝑚𝑙 , 𝑚𝑠

For 𝑠-states ෠𝐿 = 0 ⇒ ෠𝐿 መ𝑆 = 0
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Pole magnetyczne i spin

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

෡𝐻𝑆𝑂 = 𝜆෠𝐿 መ𝑆 = 𝜆
1

2
𝐽2 − 𝐿2 − 𝑆2 = 𝜆 𝐿𝑧𝑆𝑧 +

1

2
𝐿+𝑆− + 𝐿−𝑆+

𝜆 = ℎ𝑐 𝐴 =
𝑍𝛼2

2

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

𝑅𝑦 = ℎ𝑐𝑅∞

𝑅∞ =
𝑚𝑒𝑒

4

8𝜀0
2ℎ3𝑐

𝑅∞ = 1,097 × 107m-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)

Stała struktury subtelnej



Spin-orbit interaction ෡𝐻𝑆𝑂 =
𝜆

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

For 𝑠-states ෠𝐿 = 0 ⇒ ෠𝐿 መ𝑆 = 0

05.11.2019 35

Pole magnetyczne i 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

For 𝑠-states ෠𝐿 = 0 ⇒ ෠𝐿 መ𝑆 = 0
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Pole magnetyczne i 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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Pole magnetyczne i 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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Pole magnetyczne i 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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Pole magnetyczne i 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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Pole magnetyczne i 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+



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 



Rodzaje oddziaływań wymiennych
Oddziaływanie wymienne = Odziaływanie kulombowskie + Zasada Pauliego

Antysymetryczna!

Przykład:

A

B

Dwa elektrony zlokalizowane na jednym centrum
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Ψ = Ψ𝑜𝑟𝑏𝑖𝑡𝑎𝑙 × Ψ𝑠𝑝𝑖𝑛



Rodzaje oddziaływań wymiennych
Oddziaływanie wymienne = Odziaływanie kulombowskie + Zasada Pauliego

×

Antysymetryczna!

Reguły Hunda,            ET < ES
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Ψ = Ψ𝑜𝑟𝑏𝑖𝑡𝑎𝑙 × Ψ𝑠𝑝𝑖𝑛



Rodzaje oddziaływań wymiennych
Oddziaływanie wymienne = Odziaływanie kulombowskie + Zasada Pauliego

Antysymetryczna!

Przykład:

A B Dwa elektrony na dwóch różnych centrach
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Ψ = Ψ𝑜𝑟𝑏𝑖𝑡𝑎𝑙 × Ψ𝑠𝑝𝑖𝑛



Rodzaje oddziaływań wymiennych
Oddziaływanie wymienne = Odziaływanie kulombowskie + Zasada Pauliego

×

Antysymetryczna!

Wiązania chemiczne,      ES < ET
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Ψ = Ψ𝑜𝑟𝑏𝑖𝑡𝑎𝑙 × Ψ𝑠𝑝𝑖𝑛


