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!L = !r × !p (1)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (2)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (3)

ĤR̂ = R̂Ĥ (4)

ϕ0 (5)

(x, y, z) (6)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (7)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (8)

ϕ0 ϕ0 # 1 (9)

[R̂z(ϕ0)ψ](x, y, z) $ ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(10)

R̂z(ϕ0) $ 1− iϕ0

h̄
L̂z (11)

L̂x, L̂y, L̂z (12)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (13)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (14)

{Ĥ, L̂x, L̂y, L̂z} (15)

ψ χ (16)
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!L = !r × !p (1)

!̂p =
h̄

i
!∇ (2)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (3)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (4)

ĤR̂ = R̂Ĥ (5)

ϕ0 (6)

(x, y, z) (7)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (8)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (9)

ϕ0 ϕ0 $ 1 (10)

[R̂z(ϕ0)ψ](x, y, z) % ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(11)

R̂z(ϕ0) % 1− iϕ0

h̄
L̂z (12)

L̂x, L̂y, L̂z (13)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (14)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (15)

{Ĥ, L̂x, L̂y, L̂z} (16)

ψ χ (17)

!L = !r × !p (1)

!̂p =
h̄

i
!∇ (2)

ψ(x, y, z) (3)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (4)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (5)

ĤR̂ = R̂Ĥ (6)

ϕ0 (7)

(x, y, z) (8)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (9)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (10)

ϕ0 ϕ0 $ 1 (11)

[R̂z(ϕ0)ψ](x, y, z) % ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(12)

R̂z(ϕ0) % 1− iϕ0

h̄
L̂z (13)

L̂x, L̂y, L̂z (14)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (15)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (16)

{Ĥ, L̂x, L̂y, L̂z} (17)

ψ χ (18)

"'#5"#$W$"#0%,1##L̂x, L̂y (1)

ϕ0 ! 1 (2)

[R̂z(ϕ0)ψ](x, y, z) " ψ(x + ϕ0y , −ϕ0x + y , z) (3)

y′ " −ϕ0x + y (4)

x′ " x + ϕ0y (5)

#L = #r × #p (6)

#̂p =
h̄

i
#∇ (7)

ψ(x, y, z) (8)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (9)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (10)

ĤR̂ = R̂Ĥ (11)

ϕ0 (12)

(x, y, z) (13)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (14)

(x′, y′, z′) (15)

x′ = x cos ϕ0 + y sin ϕ0 (16)

y′ = −x sinϕ0 + y cos ϕ0 (17)

z′ = z (18)
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Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)#####";'#)&B/1)/&'#0/1#1%'/')%&#;)#

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)
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!L = !r × !p (1)

!̂p =
h̄

i
!∇ (2)

ψ(x, y, z) (3)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (4)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (5)

ĤR̂ = R̂Ĥ (6)

ϕ0 (7)

(x, y, z) (8)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (9)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (10)

ϕ0 ϕ0 $ 1 (11)

[R̂z(ϕ0)ψ](x, y, z) % ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(12)

R̂z(ϕ0) % 1− iϕ0

h̄
L̂z (13)

L̂x, L̂y, L̂z (14)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (15)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (16)

{Ĥ, L̂x, L̂y, L̂z} (17)

ψ χ (18)

V (r) = − q2

4πε0r

α

x

y

ψtournée(r, ϕ) = [R̂z,αψ] (r, ϕ) = ψ(r, ϕ− α)

R̂!u,α !u

ϕ
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y 

x 

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)

ϕ0 (4)

(x, y, z) (5)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (6)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (7)

ϕ0 ϕ0 " 1 (8)

[R̂z(ϕ0)ψ](x, y, z) # ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(9)

R̂z(ϕ0) # 1− iϕ0

h̄
L̂z (10)

L̂x, L̂y, L̂z (11)

!L = !r × !p (1)

!̂p =
h̄

i
!∇ (2)

ψ(x, y, z) (3)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (4)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (5)

ĤR̂ = R̂Ĥ (6)

ϕ0 (7)

(x, y, z) (8)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (9)

(x′, y′, z′) (10)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (11)

ϕ0 ϕ0 $ 1 (12)

[R̂z(ϕ0)ψ](x, y, z) % ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(13)

R̂z(ϕ0) % 1− iϕ0

h̄
L̂z (14)

L̂x, L̂y, L̂z (15)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (16)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (17)

{Ĥ, L̂x, L̂y, L̂z} (18)

α

α

x′ = x cos α + y sin α

y′ = −x sin α + y cos α

= ψ(x cos α + y sin α , −x sinα + y cos α , z)

ψtournée(x, y, z) =

z′ = z

[R̂z,αψ] (x, y, z) = ψ(x′, y′, z′)
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Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)

ϕ0 (4)

(x, y) (5)

(x cos ϕ0 + y sinϕ0 , −x sin ϕ0 + y cos ϕ0) (6)

[R̂z(ϕ0)ψ](x, y) = ψ(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0) (7)

ϕ0 ϕ0 " 1 (8)

[R̂z(ϕ0)ψ](x, y) # ψ(x, y) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(9)

R̂z(ϕ0) # 1− iϕ0

h̄
L̂z (10)

L̂x, L̂y, L̂z (11)
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y 

x 

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)

ϕ0 (4)

(x, y, z) (5)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (6)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (7)

ϕ0 ϕ0 " 1 (8)

[R̂z(ϕ0)ψ](x, y, z) # ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(9)

R̂z(ϕ0) # 1− iϕ0

h̄
L̂z (10)

L̂x, L̂y, L̂z (11)

!L = !r × !p (1)

!̂p =
h̄

i
!∇ (2)

ψ(x, y, z) (3)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (4)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (5)

ĤR̂ = R̂Ĥ (6)

ϕ0 (7)

(x, y, z) (8)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (9)

(x′, y′, z′) (10)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (11)

ϕ0 ϕ0 $ 1 (12)

[R̂z(ϕ0)ψ](x, y, z) % ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(13)

R̂z(ϕ0) % 1− iϕ0

h̄
L̂z (14)

L̂x, L̂y, L̂z (15)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (16)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (17)

{Ĥ, L̂x, L̂y, L̂z} (18)

V#6>%151"#2#"&##α α

x′ ! x + αy

y′ ! −αx + y

z′ = z

α! 1

[R̂z,αψ] (x, y, z) ! ψ(x + αy , −αx + y , z)

! ψ(x, y, z) + α

(
y
∂ψ

∂x
− x

∂ψ

∂y

)

R̂z,α ! 1̂− iα

! L̂z
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Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)

ϕ0 (4)

(x, y, z) (5)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (6)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (7)

ϕ0 ϕ0 " 1 (8)

[R̂z(ϕ0)ψ](x, y, z) # ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(9)

R̂z(ϕ0) # 1− iϕ0

h̄
L̂z (10)

L̂x, L̂y, L̂z (11)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (12)

G&#0",'#5%&(#(."1(."1#,&"#</;"#01%01"#(%$$,&"##

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)

ϕ0 (4)

(x, y, z) (5)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (6)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (7)

ϕ0 ϕ0 " 1 (8)

[R̂z(ϕ0)ψ](x, y, z) # ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(9)

R̂z(ϕ0) # 1− iϕ0

h̄
L̂z (10)

L̂x, L̂y, L̂z (11)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (12)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (13)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)

ϕ0 (4)

(x, y, z) (5)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (6)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (7)

ϕ0 ϕ0 " 1 (8)

[R̂z(ϕ0)ψ](x, y, z) # ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(9)

R̂z(ϕ0) # 1− iϕ0

h̄
L̂z (10)

L̂x, L̂y, L̂z (11)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (12)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (13)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)

ϕ0 (4)

(x, y, z) (5)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (6)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (7)

ϕ0 ϕ0 " 1 (8)

[R̂z(ϕ0)ψ](x, y, z) # ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(9)

R̂z(ϕ0) # 1− iϕ0

h̄
L̂z (10)

L̂x, L̂y, L̂z (11)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (12)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (13)
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Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)

ϕ0 (4)

(x, y, z) (5)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (6)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (7)

ϕ0 ϕ0 " 1 (8)

[R̂z(ϕ0)ψ](x, y, z) # ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(9)

R̂z(ϕ0) # 1− iϕ0

h̄
L̂z (10)

L̂x, L̂y, L̂z (11)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (12)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (13)

{Ĥ, L̂x, L̂y, L̂z} (14)

-"6/#;"1/)'#'1%0#;)$06"#F#######################&"#(%$$,'"&'#0/;#"&'1"#",AK#

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (1)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (2)

ĤR̂ = R̂Ĥ (3)

ϕ0 (4)

(x, y, z) (5)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (6)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (7)

ϕ0 ϕ0 " 1 (8)

[R̂z(ϕ0)ψ](x, y, z) # ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(9)

R̂z(ϕ0) # 1− iϕ0

h̄
L̂z (10)

L̂x, L̂y, L̂z (11)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (12)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (13)

{Ĥ, L̂x, L̂y, L̂z} (14)

ψ χ (15)

!L = !r × !p (1)

!̂p =
h̄

i
!∇ (2)

ψ(x, y, z) (3)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (4)

R̂(ϕ0)ψ(r,ϕ) = ψ(r,ϕ + ϕ0) (5)

ĤR̂ = R̂Ĥ (6)

ϕ0 (7)

(x, y, z) (8)

(x cos ϕ0 + y sin ϕ0 , −x sinϕ0 + y cos ϕ0 , z) (9)

[R̂z(ϕ0)ψ](x, y, z) = ψ(x cos ϕ0 + y sinϕ0 , −x sinϕ0 + y cos ϕ0 , z) (10)

ϕ0 ϕ0 $ 1 (11)

[R̂z(ϕ0)ψ](x, y, z) % ψ(x, y, z) + ϕ0

(
y
∂ψ

∂x
− x

∂ψ

∂y

)
(12)

R̂z(ϕ0) % 1− iϕ0

h̄
L̂z (13)

L̂x, L̂y, L̂z (14)

[Ĥ, L̂x] = 0 [Ĥ, L̂y] = 0 [Ĥ, L̂z] = 0 (15)

{Ĥ, L̂x} {Ĥ, L̂y} {Ĥ, L̂z} (16)

{Ĥ, L̂x, L̂y, L̂z} (17)

ψ χ (18)

[L̂x, L̂y] = ih̄L̂z (19)
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[L̂x, L̂y] = ih̄L̂z (19)

L̂x =
h̄

i

(
y

∂

∂z
− z

∂

∂y

)
(20)

[L̂x, L̂y] = ih̄L̂z (19)

L̂x =
h̄

i

(
y

∂

∂z
− z

∂

∂y

)
(20)

L̂y =
h̄

i

(
z

∂

∂x
− x

∂

∂z

)
(21)

%&#$%&'1"#+,"#H##

O"#$W$"#H#

[L̂x, L̂y] = ih̄L̂z (19)

[L̂y, L̂z] = ih̄L̂x (20)

[L̂z, L̂x] = ih̄L̂y (21)

L̂x =
h̄

i

(
y

∂

∂z
− z

∂

∂y

)
(22)

L̂y =
h̄

i

(
z

∂

∂x
− x

∂

∂z

)
(23)

[L̂x, L̂y] = ih̄L̂z (19)

[L̂y, L̂z] = ih̄L̂x (20)

[L̂z, L̂x] = ih̄L̂y (21)

L̂x =
h̄

i

(
y

∂

∂z
− z

∂

∂y

)
(22)

L̂y =
h̄

i

(
z

∂

∂x
− x

∂

∂z

)
(23)
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z 
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L̂zψ("r) = γ ψ("r) (1)

d1 d2 M1 M2 (2)

I = M1d
2
1 + M2d

2
2 (3)

$ = 0 $ = 1 $ = 2 (4)

L̂zY0,0(θ,ϕ) = 0 L̂+Y0,0(θ,ϕ) = 0 (5)

∫ π

0
sin θ dθ

∫ 2π

0
dϕ |Y",m(θ,ϕ)|2 = 1 (6)

Ĥ R̂(ϕ0) = R̂(ϕ0) Ĥ (7)

R̂(ϕ0) (8)

= R̂(ϕ0) χ(r,ϕ) = R̂(ϕ0)
(
Ĥ ψ(r,ϕ)

)
= Ĥ

(
R̂(ϕ0)ψ(r,ϕ)

)
(9)

Ĥ (10)

χ(r,ϕ + ϕ0) = Ĥψ(r,ϕ + ϕ0) (11)

χ(r,ϕ) = Ĥψ(r,ϕ) (12)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (13)

ψ χ (14)

L̂x, L̂y (15)

ϕ0 ! 1 (16)

[R̂z(ϕ0)ψ](x, y, z) " ψ(x + ϕ0y , −ϕ0x + y , z) (17)

y′ " −ϕ0x + y (18)
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m 

0 
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-3/2 

-1 

-1/2 

1/2 1 3/2 

j m 
val. prop. 

  de 

val. prop. 

   de 

0 0 0 0 

1/2 
1/2 

-1/2 

1 
1 

0 

-1 

0 
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∫ π

0
sin θ dθ

∫ 2π

0
dϕ |Y",m(θ,ϕ)|2 = 1 (1)

Ĥ R̂(ϕ0) = R̂(ϕ0) Ĥ (2)

R̂(ϕ0) (3)

= R̂(ϕ0) χ(r,ϕ) = R̂(ϕ0)
(
Ĥ ψ(r,ϕ)

)
= Ĥ

(
R̂(ϕ0) ψ(r,ϕ)

)
(4)

Ĥ (5)

χ(r,ϕ + ϕ0) = Ĥψ(r,ϕ + ϕ0) (6)

χ(r,ϕ) = Ĥψ(r,ϕ) (7)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (8)

ψ χ (9)

L̂x, L̂y (10)

ϕ0 ! 1 (11)

[R̂z(ϕ0)ψ](x, y, z) " ψ(x + ϕ0y , −ϕ0x + y , z) (12)

y′ " −ϕ0x + y (13)

x′ " x + ϕ0y (14)

%L = %r × %p (15)

%̂p =
h̄

i
%∇ (16)

ψ(x, y, z) (17)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (18)
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L̂zY0,0(θ,ϕ) = 0 L̂+Y0,0(θ,ϕ) = 0 (1)

∫ π

0
sin θ dθ

∫ 2π

0
dϕ |Y",m(θ,ϕ)|2 = 1 (2)

Ĥ R̂(ϕ0) = R̂(ϕ0) Ĥ (3)

R̂(ϕ0) (4)

= R̂(ϕ0) χ(r,ϕ) = R̂(ϕ0)
(
Ĥ ψ(r,ϕ)

)
= Ĥ

(
R̂(ϕ0) ψ(r,ϕ)

)
(5)

Ĥ (6)

χ(r,ϕ + ϕ0) = Ĥψ(r,ϕ + ϕ0) (7)

χ(r,ϕ) = Ĥψ(r,ϕ) (8)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (9)

ψ χ (10)

L̂x, L̂y (11)

ϕ0 ! 1 (12)

[R̂z(ϕ0)ψ](x, y, z) " ψ(x + ϕ0y , −ϕ0x + y , z) (13)

y′ " −ϕ0x + y (14)

x′ " x + ϕ0y (15)

%L = %r × %p (16)

%̂p =
h̄

i
%∇ (17)

ψ(x, y, z) (18)

L̂zY0,0(θ,ϕ) = 0 L̂+Y0,0(θ,ϕ) = 0 (1)

∫ π

0
sin θ dθ

∫ 2π

0
dϕ |Y",m(θ,ϕ)|2 = 1 (2)

Ĥ R̂(ϕ0) = R̂(ϕ0) Ĥ (3)

R̂(ϕ0) (4)

= R̂(ϕ0) χ(r,ϕ) = R̂(ϕ0)
(
Ĥ ψ(r,ϕ)

)
= Ĥ

(
R̂(ϕ0) ψ(r,ϕ)

)
(5)

Ĥ (6)

χ(r,ϕ + ϕ0) = Ĥψ(r,ϕ + ϕ0) (7)

χ(r,ϕ) = Ĥψ(r,ϕ) (8)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (9)

ψ χ (10)

L̂x, L̂y (11)

ϕ0 ! 1 (12)

[R̂z(ϕ0)ψ](x, y, z) " ψ(x + ϕ0y , −ϕ0x + y , z) (13)

y′ " −ϕ0x + y (14)

x′ " x + ϕ0y (15)

%L = %r × %p (16)

%̂p =
h̄

i
%∇ (17)

ψ(x, y, z) (18)
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2 états p 
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[L̂x, L̂y] = ih̄L̂z (19)

[L̂y, L̂z] = ih̄L̂x (20)

[L̂z, L̂x] = ih̄L̂y (21)

L̂x =
h̄

i

(
y

∂

∂z
− z

∂

∂y

)
(22)

L̂y =
h̄

i

(
z

∂

∂x
− x

∂

∂z

)
(23)

hν ∼ 50 à 500 meV (24)

i#



d1 d2 M1 M2 (1)

I = M1d
2
1 + M2d

2
2 (2)

! = 0 ! = 1 ! = 2 (3)

L̂zY0,0(θ,ϕ) = 0 L̂+Y0,0(θ,ϕ) = 0 (4)

∫ π

0
sin θ dθ

∫ 2π

0
dϕ |Y",m(θ,ϕ)|2 = 1 (5)

Ĥ R̂(ϕ0) = R̂(ϕ0) Ĥ (6)

R̂(ϕ0) (7)

= R̂(ϕ0) χ(r,ϕ) = R̂(ϕ0)
(
Ĥ ψ(r,ϕ)

)
= Ĥ

(
R̂(ϕ0)ψ(r,ϕ)

)
(8)

Ĥ (9)

χ(r,ϕ + ϕ0) = Ĥψ(r,ϕ + ϕ0) (10)

χ(r,ϕ) = Ĥψ(r,ϕ) (11)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (12)

ψ χ (13)

L̂x, L̂y (14)

ϕ0 ! 1 (15)

[R̂z(ϕ0)ψ](x, y, z) " ψ(x + ϕ0y , −ϕ0x + y , z) (16)

y′ " −ϕ0x + y (17)

x′ " x + ϕ0y (18)
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[L̂x, L̂y] = ih̄L̂z (19)

[L̂y, L̂z] = ih̄L̂x (20)

[L̂z, L̂x] = ih̄L̂y (21)

L̂x =
h̄

i

(
y

∂

∂z
− z

∂

∂y

)
(22)

L̂y =
h̄

i

(
z

∂

∂x
− x

∂

∂z

)
(23)

hν ∼ 50 à 500 meV (24)

E =
L2

2I
(25)
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[L̂x, L̂y] = ih̄L̂z (19)

[L̂y, L̂z] = ih̄L̂x (20)

[L̂z, L̂x] = ih̄L̂y (21)

L̂x =
h̄

i

(
y

∂

∂z
− z

∂

∂y

)
(22)

L̂y =
h̄

i

(
z

∂

∂x
− x

∂

∂z

)
(23)

hν ∼ 50 à 500 meV (24)

E =
L2

2I
(25)

I =
1
2
MR2 (26)

Ĥ =
L̂2

2I
(27)

G&#/''"&5#5%&(#5";#&)B"/,A#5>*&"1@)"#1"0*1*;#0/1#6"#&%$<1"#+,/&')+,"#

[L̂x, L̂y] = ih̄L̂z (19)

[L̂y, L̂z] = ih̄L̂x (20)

[L̂z, L̂x] = ih̄L̂y (21)

L̂x =
h̄

i

(
y

∂

∂z
− z

∂

∂y

)
(22)

L̂y =
h̄

i

(
z

∂

∂x
− x

∂

∂z

)
(23)

hν ∼ 50 à 500 meV (24)

E =
L2

2I
(25)

I =
1
2
MR2 (26)

Ĥ =
L̂2

2I
(27)

# (28)

E! =
h̄2#(# + 1)

2I
(29)

[L̂x, L̂y] = ih̄L̂z (19)

[L̂y, L̂z] = ih̄L̂x (20)

[L̂z, L̂x] = ih̄L̂y (21)

L̂x =
h̄

i

(
y

∂

∂z
− z

∂

∂y

)
(22)

L̂y =
h̄

i

(
z

∂

∂x
− x

∂

∂z

)
(23)

hν ∼ 50 à 500 meV (24)

E =
L2

2I
(25)

I =
1
2
MR2 (26)

Ĥ =
L̂2

2I
(27)

# (28)

E! =
h̄2#(# + 1)

2I
(29)

i#

I = M1d
2
1 + M2d

2
2 (1)

! = 0 ! = 1 ! = 2 (2)

L̂zY0,0(θ,ϕ) = 0 L̂+Y0,0(θ,ϕ) = 0 (3)

∫ π

0
sin θ dθ

∫ 2π

0
dϕ |Y",m(θ,ϕ)|2 = 1 (4)

Ĥ R̂(ϕ0) = R̂(ϕ0) Ĥ (5)

R̂(ϕ0) (6)

= R̂(ϕ0) χ(r,ϕ) = R̂(ϕ0)
(
Ĥ ψ(r,ϕ)

)
= Ĥ

(
R̂(ϕ0) ψ(r,ϕ)

)
(7)

Ĥ (8)

χ(r,ϕ + ϕ0) = Ĥψ(r,ϕ + ϕ0) (9)

χ(r,ϕ) = Ĥψ(r,ϕ) (10)

Ĥψ(r,ϕ) = χ(r,ϕ) Ĥψ(r,ϕ + ϕ0) = χ(r,ϕ + ϕ0) (11)

ψ χ (12)

L̂x, L̂y (13)

ϕ0 ! 1 (14)

[R̂z(ϕ0)ψ](x, y, z) " ψ(x + ϕ0y , −ϕ0x + y , z) (15)

y′ " −ϕ0x + y (16)

x′ " x + ϕ0y (17)

&L = &r × &p (18)

d1 d2 (1)

I = M1d
2
1 + M2d

2
2 (2)

! = 0 ! = 1 ! = 2 (3)

L̂zY0,0(θ,ϕ) = 0 L̂+Y0,0(θ, ϕ) = 0 (4)

∫ π

0
sin θ dθ

∫ 2π

0
dϕ |Y",m(θ,ϕ)|2 = 1 (5)
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R̂(ϕ0) (7)

= R̂(ϕ0) χ(r,ϕ) = R̂(ϕ0)
(
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R̂(ϕ0) (7)

= R̂(ϕ0) χ(r,ϕ) = R̂(ϕ0)
(
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Ĥ R̂(ϕ0) = R̂(ϕ0) Ĥ (4)
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R̂(ϕ0) (5)

= R̂(ϕ0) χ(r,ϕ) = R̂(ϕ0)
(
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