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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

= 2.9979108 m/s
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Plank (1900) ⇒ EM radiation ⇒
Photons⇒ Einstein (1905)

Energy⇒ E = hν⇒ E = hc
λ
= ~ω (~= h

2π
)

Momentum

E =

√
m2

0c4+ p2c2

⇓ m0=0

E = pc → p =
E
c
=

h
λ
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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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Postulate 5. The time evolution of the system is governed by the

time-dependent Schrödinger’s equation

i~
∂Ψ(x, t)

∂t
= Ĥ(x, t)Ψ(x, t)

Stationary state

Ψ(x, t) = ψ(x)e−iE t/~→

{
|Ψ(x, t)|2 = |ψ(x)|2

Ĥψ = Eψ
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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/~→ |Ψ(x, t)|2 = |ψ(0)

n (x)|2

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

i~∂Ψ(x,t)
∂t =Ĥ(x,t)Ψ(x,t)→Ψ(x,t)=∑

j
c j(t)ψ

(0)
j (x)e

−iE
(0)
j t/~

i~∑
j

dc j(t)
dt ψ

(0)
j (x)e

−iE
(0)
j t/~

=∑
j

c j(t)Ĥ ′(x,t)ψ
(0)
j (x)e

−iE
(0)
j t/~

∫
∀x(ψ

(0)
j (x))∗ψ(0)

m (x)dx=
〈

ψ
(0)
j |ψ

(0)
m

〉
=δ j,m

{
= 1 m = j
= 0 m 6= j
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i~dcm(t)
dt =∑

j
c j(t)H ′m j(t)e

iωm jt m=1,2,3,...


H ′m j(t)=〈ψ

(0)
m |Ĥ ′(x,t)|ψ

(0)
j 〉

ωm j =
E(0)

m −E(0)
j

~
⇓

Ψ(x,0) = ψ
(0)
n (x)→ c j(0) = δn, j

If H ′� E(0)
m −E(0)

n ⇒ i~dcm(t)
dt ' H ′mn(t)e

iωmnt

cm(t)= 1
i~
∫ t

0 H ′mn(t
′)eiωmnt′dt′

Pn→m(t)= |cm(t)|2 =
1
~2

∣∣∣∣∫ t

0
H ′mn(t

′)eiωmnt′dt′
∣∣∣∣2
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Force
F = qE+

q
c

v×B

⇓ 〈v2〉1/2
1s ∼

c
137

F' qE

Potential energy

F =−∇V →V =−
∫

Fdr

⇓ discrete charges

V =−∑
i

qi ri︸ ︷︷ ︸
µ

·E =−µ·E

µ→ electric dipole moment
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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

~2

∣∣∣∣∫ t

0
cosω t′eiωmn t′dt′

∣∣∣∣2
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Pn→m(t) =
|E0x|2|〈m|µx|n〉|2

4~2

∣∣∣∣∣ei(ωmn+ω)t−1
ωmn+ω

+
ei(ωmn−ω)t−1

ωmn−ω

∣∣∣∣∣
2

E0x 6= 0

〈m|µx|n〉 6= 0⇒ Selection rules

If ωmn−ω� ωmn+ω

Pn→m(t)=
|E0x|2|〈m|µx|n〉|2

4~2

∣∣∣∣ei(ωmn−ω)t−1
ωmn−ω

∣∣∣∣2

Pn→m(t) =
|E0x|2|〈m|µx|n〉|2

~2
sen2(ωmn−ω)t/2

(ωmn−ω)2
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◦ 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

~2
sen2(ωmn+ω)t/2

(ωmn+ω)2

◦ Maximun
ω =−ωmn→ En−Em = hν

◦ Emission
ν > 0⇒ En > Em
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Transition dipole moment⇒ 〈ψi|µ|ψ j〉
µ=−er
r=xi+yj+zk=r senθ cosφi+r senθ senφj+r cosθk

〈ψi|µ|ψ j〉=〈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)r3 Rn,l(r)dr

·
∫ 2π

0
∫

π
0 Θ∗l′,m′(θ)Φ∗m′(φ)[senθ cosφi+senθ senφj

+cosθk]Θl,m(θ)Φm(φ) senθdθdφ〈ms′|ms〉6=0

〈ms′|ms〉 6= 0⇒ ms = m′s⇒ ∆ms = 0
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〈Φ∗m′|Φm〉=
∫ 2π

0 e−im′φeimφdφ6=0⇒ m=m′⇒ ∆m=0

〈Φ∗m′|senφ|Φm〉=
∫ 2π

0 e−im′φ senφeimφdφ6=0⇒ m′=m+1⇒ ∆m=+1

〈Φ∗m′|cosφ|Φm〉=
∫ 2π

0 e−im′φ cosφeimφdφ6=0⇒ m′=m−1⇒ ∆m=−1{
〈Θl′m′|cosθ|Θlm〉=

∫ 2π
0 Θ∗l′m′(θ)cosθΘlm(θ)senθdθ6=0

〈Θl′m′|senθ|Θlm〉=
∫ 2π

0 Θ∗l′m′(θ)senθΘlm(θ)senθdθ6=0

}
⇒ ∆l=±1

〈Rn′,l′|r|Rn,l〉=
∫

∞
0 R∗n′,l′(r)r3 Rn,l(r)dr 6=0⇒ ∆n=0,±1,±2,...
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Energy differences (excitation⇒ n2 > n1)

∆En1→n2 = En2−En1 =−
µZ2k2e4

2~2

(
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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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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Initial state 2s⇒ Relaxation into 1s⇒ ∆l = 0⇒ Forbidden⇒
Metastable state

Spin-orbit coupling⇒ ∝L ·S


