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Electromagnetic radiation Electromagnetic waves

Electromagnetic waves

Electric and magnetic fields

E = iEx = iE0x cos (ω t − k z)

B = jBy = jB0y cos (ω t − k z)

Periodicity
Space ⇒ E (z) = E (z + λ) ⇒ k = 2π/λ
Time ⇒ E (t) = E (t + τ) ⇒ ω = 2π/τ = 2πν

Velocity ⇒ c = 1√
ϵ0µ0

= 2.9979 108 m/s
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Electromagnetic radiation Photons

Photons

Plank (1900) ⇒ EM radiation
⇒ Photons ⇒ Einstein (1905)

Energy ⇒ E = hν ⇒ E = h c
λ = ℏω (ℏ = h

2π )

Momentum

E =
√
m2

0c
4 + p2c2

⇓ m0=0

E = pc → p =
E

c
=

h

λ
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Electromagnetic radiation EM spectrum

EM spectrum
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Electromagnetic radiation EM spectrum

EM spectrum

EM radiation λ (nm) E (eV) Molecular transitions

Radio 3 × 108 - 4 × 10−6 -
Microwaves 3×108 - 106 4×10−6 - 1.2×10−3 rotation
Infrared (IR) 3.84×1014 - 106 1.2×10−3 - 1.7 vibration
Visible 780 - 390 1.7 - 3.2 electronic
Ultraviolet (UV) 390 - 10 3.2 - 120 electronic
X Rays 10 - 0.006 120 - 2.4×105 ionization
Gamma Rays 0.1 - 1×10−5 104 - 108
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Matter-radiation interaction Time-dependent Schrödinger’s equation

Time-dependent Schrödinger’s equation

Postulate 5. The time evolution of the system is governed by the
time-dependent Schrödinger’s equation

iℏ
∂Ψ(x , t)

∂t
= Ĥ(x , t)Ψ(x , t)

Stationary state

Ψ(x , t) = ψ(x)e−iE t/ℏ →

 |Ψ(x , t)|2 = |ψ(x)|2

Ĥψ = Eψ
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Matter-radiation interaction Transition probability

Transition probability

Isolated system ⇒ Ĥ(0)(x)ψ
(0)
n (x) = E

(0)
n ψ

(0)
n (x)

Stationary state

ψ(x , t) = Ψ
(0)
n (x)e−iE (0)t/ℏ → |Ψ(x , t)|2 = |ψ(0)

n (x)|2

Perturbation (EM) ⇒ Ĥ(x , t) = Ĥ(0)(x) + Ĥ ′(x , t)

iℏ ∂Ψ(x,t)
∂t

=Ĥ(x ,t)Ψ(x ,t)→Ψ(x ,t)=
∑
j
cj (t)ψ

(0)
j (x)e

−iE
(0)
j

t/ℏ

iℏ
∑
j

dcj (t)

dt
ψ
(0)
j (x)e

−iE
(0)
j

t/ℏ
=
∑
j
cj (t)Ĥ

′(x ,t)ψ
(0)
j (x)e

−iE
(0)
j

t/ℏ

∫
∀x (ψ

(0)
j (x))∗ψ

(0)
m (x)dx=

〈
ψ
(0)
j |ψ(0)

m

〉
=δj,m

 = 1 m = j
= 0 m ̸= j
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Matter-radiation interaction Transition probability

Transition probability

iℏ dcm(t)
dt

=
∑
j
cj (t)H

′
mj (t)e

iωmj t m=1,2,3,...


H′
mj (t)=⟨ψ(0)

m |Ĥ′(x ,t)|ψ(0)
j ⟩

ωmj =
E

(0)
m −E

(0)
j

ℏ

⇓

Ψ(x , 0) = ψ
(0)
n (x)→ cj(0) = δn,j

If H ′ ≪ E
(0)
m − E

(0)
n ⇒ iℏdcm(t)

dt ≃ H ′
mn(t)e

iωmnt

cm(t)=
1
iℏ

∫ t
0 H′

mn(t
′)e iωmnt

′
dt′

Pn→m(t)= |cm(t)|2 =
1
ℏ2

∣∣∣∣∫ t

0
H ′
mn(t

′)e iωmnt′dt ′
∣∣∣∣2
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Matter-radiation interaction Transition probability

Transition probability

Force F = q E +
q

c
v × B

⇓ ⟨v2⟩1/2
1s ∼ c

137

F ≃ q E

Potential energy
F = −∇V → V = −

∫
F dr

⇓ discrete charges

V = −
∑
i

qi ri︸ ︷︷ ︸
µ

·E = −µ·E

µ→ electric dipole moment
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Matter-radiation interaction Transition probability

Transition probability

Dipolar approximation ⇒ molecular size ≪ λ

E ≃ iE0x cos(ω t)⇒ H ′ = −µ·E = −µxE0x cos(ω t)

↓

H ′
mn(t) = −E0x ⟨m|µx |n⟩︸ ︷︷ ︸

transition
dipole
moment

cos(ω t)← µx=
∑
i

qixi

Pn→m(t) =
|E0x |2|⟨m|µx |n⟩|2

ℏ2

∣∣∣∣∫ t

0
cosω t ′e iωmn t′dt ′

∣∣∣∣2
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Matter-radiation interaction Transition probability

Transition probability

Pn→m(t) =
|E0x |2|⟨m|µx |n⟩|2

4ℏ2

∣∣∣∣∣e i(ωmn+ω)t − 1
ωmn + ω

+
e i(ωmn−ω)t − 1
ωmn − ω

∣∣∣∣∣
2

E0x ̸= 0

⟨m|µx |n⟩ ≠ 0 ⇒ Selection rules

If ωmn − ω ≪ ωmn + ω

Pn→m(t)=
|E0x |

2|⟨m|µx |n⟩|2

4ℏ2

∣∣∣∣ ei(ωmn−ω)t−1
ωmn−ω

∣∣∣∣2

Pn→m(t) =
|E0x |2|⟨m|µx |n⟩|2

ℏ2
sen2(ωmn − ω)t/2

(ωmn − ω)2
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Matter-radiation interaction Transition probability

Transition probability

◦ Maximun
ω = ωmn → Em − En = hν

◦ Absortion
ν > 0⇒ Em > En

If ωmn + ω ≪ ωmn − ω

Pn→m(t) =
|E0x |2|⟨m|µx |n⟩|2

ℏ2
sen2(ωmn + ω)t/2

(ωmn + ω)2

◦ Maximun ω = −ωmn → En − Em = hν

◦ Emission ν > 0⇒ En > Em
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Atomic spectroscopy Hydrogen atom

Hydrogen atom

Transition dipole moment ⇒ ⟨ψi |µ|ψj⟩
µ=−e r

r=x i+y j+zk=r sen θ cosϕ i+r sen θ senϕ j+r cos θ k

⟨ψi |µ|ψj ⟩=⟨ψn′,l′,m′,m′
s
|µ|ψn,l,m,ms ⟩

⟨ψn′,l′,m′,m′
s
|µ|ψn,l,m,ms ⟩ =−e

∫∞
0 R∗

n′,l′ (r) r
3 Rn,l (r) dr

·
∫ 2π
0

∫ π
0 Θ∗

l′,m′ (θ)Φ
∗
m′ (ϕ)[sen θ cosϕ i+sen θ senϕ j

+cos θ k]Θl,m(θ)Φm(ϕ) sen θ dθ dϕ ⟨ms ′|ms⟩≠0

⟨ms′ |ms⟩ ≠ 0 ⇒ ms = m′
s ⇒ ∆ms = 0
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Atomic spectroscopy Hydrogen atom

Hydrogen atom

⟨Φ∗
m′ |Φm⟩=

∫ 2π
0 e−im′ϕe imϕdϕ ̸=0 ⇒ m=m′ ⇒ ∆m=0

⟨Φ∗
m′ | senϕ|Φm⟩=

∫ 2π
0 e−im′ϕ senϕe imϕdϕ ̸=0 ⇒ m′=m+1 ⇒ ∆m=+1

⟨Φ∗
m′ | cosϕ|Φm⟩=

∫ 2π
0 e−im′ϕ cosϕe imϕdϕ ̸=0 ⇒ m′=m−1 ⇒ ∆m=−1{

⟨Θl′m′ | cos θ|Θlm⟩=
∫ 2π
0 Θ∗

l′m′ (θ) cos θΘlm(θ) sen θdθ ̸=0

⟨Θl′m′ | sen θ|Θlm⟩=
∫ 2π
0 Θ∗

l′m′ (θ) sen θΘlm(θ) sen θdθ ̸=0

}
⇒ ∆l=±1

⟨Rn′,l′ |r |Rn,l ⟩=
∫∞
0 R∗

n′,l′ (r) r
3 Rn,l (r) dr ̸=0 ⇒ ∆n=0,±1,±2,...
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Atomic spectroscopy Hydrogen atom

Hydrogen atom

Energy differences (excitation ⇒ n2 > n1)

∆En1→n2 = En2 − En1 = −µZ
2k2e4

2ℏ2

(
1
n2
2
− 1

n2
1

)
Lyman series ⇒ n1 = 1 ⇒ transitions from the 1s state

1s → 2s ⇒ ∆l = 0 ⇒ Forbidden
1s → 2p ⇒ ∆l = 1 ⇒ Allowed
1s → 3s ⇒ ∆l = 0 ⇒ Forbidden
1s → 3p ⇒ ∆l = 1 ⇒ Allowed
1s → 3d ⇒ ∆l = 2 ⇒ Forbidden
...
Transitions 1s → np
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Atomic spectroscopy Hydrogen atom

Hydrogen atom

Balmer series ⇒ n1 = 2 ⇒ transitions from the 2s or 2p states
2s → 3s ⇒ ∆l = 0 ⇒ Forbidden
2s → 3p ⇒ ∆l = 1 ⇒ Allowed
2s → 3d ⇒ ∆l = 2 ⇒ Forbidden
2p → 3s ⇒ ∆l = −1 ⇒ Allowed
2p → 3p ⇒ ∆l = 0 ⇒ Forbidden
2p → 3d ⇒ ∆l = 1 ⇒ Allowed
...
Degenerated transitions 2s → np, 2p → ns, 2p → nd
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Atomic spectroscopy Hydrogen atom

Hydrogen atom

Initial state 2s ⇒ Relaxation into 1s ⇒ ∆l = 0 ⇒ Forbidden
⇒ Metastable state
Spin-orbit coupling ⇒ ∝ L · S
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