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𝛿𝐾𝑒𝑟𝑟

𝐸𝐾 = 𝐾1𝑠𝑒𝑛
2𝜃 + 𝐾2𝑠𝑒𝑛

4𝜃
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 2dhkl 

 


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 

𝑛1𝑐𝑜𝑠𝜃1 = 𝑛2𝑐𝑜𝑠𝜃2

𝑐𝑜𝑠𝜃𝑖 ≤ 𝑛2/𝑛1
𝜃𝑐 𝑐𝑜𝑠𝜃𝑐 = 𝑛2/𝑛1



𝜃2 = √𝜃1
2 − 2𝛿                                                         

𝜃2 = 0

𝜃𝑐 = √2𝛿

𝜃/2𝜃

 

∆= 2𝑡𝑠𝑒𝑛𝜃2 = 2𝑡𝜃2 = 2𝑡√𝜃2
2 − 𝜃𝑐

2

∆= 𝑚𝜆
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𝜃𝑚
2 = 2𝛿 + (

𝜆

2𝑡
)
2

𝑚2

𝜃𝑚
2 𝑠𝑒𝑛2𝜃𝑚 𝑚2

𝑡 =
𝜆

2√𝑝

  

𝑠𝑒𝑛2𝜃𝑚
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

𝜙 = (𝐵/𝐼)𝑀

𝑉 = −
𝑑𝜙

𝑑𝑡
= −

𝑑𝜙

𝑑𝑍

𝑑𝑍

𝑑𝑡
= −𝑀

𝑑(𝐵/𝐼)

𝑑𝑍

𝑑𝑍

𝑑𝑡
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𝑍 = 𝑍0𝑠𝑒𝑛(𝜔𝑡) 𝑔 ≡ 𝑑(𝐵/𝐼) 𝑑𝑍⁄

𝑉 = −𝑉0𝑐𝑜𝑠(𝜔𝑡)                    𝑉0 = 𝑍0𝜔𝑔𝑀                      

𝑍0𝜔
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 

 
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 

𝜀 = 𝜀𝑅 (

1 −𝑖𝑄𝑚𝑧 𝑖𝑄𝑚𝑦

𝑖𝑄𝑚𝑧 1 −𝑖𝑄𝑚𝑥

−𝑖𝑄𝑚𝑦 𝑖𝑄𝑚𝑥 1
)

 

εR

𝑚𝑧 = 𝑚𝑦 = 0, 𝑚𝑥 = 1 𝜀 = 𝜀𝑅 (
1 0 0
0 1 −𝑖𝑄
0 𝑖𝑄 1

)
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(
𝐸𝑝
𝐸𝑠
)
𝑟

= (
𝑟𝑝𝑝 𝑟𝑝𝑠
𝑟𝑠𝑝 𝑟𝑠𝑠

) (
𝐸𝑝
𝐸𝑠
)
𝑖

 

𝑚𝑧 = 𝑚𝑦 = 0, 𝑚𝑥 = 1

𝑟𝑝𝑝 =
𝜇1𝑛2𝑐𝑜𝑠𝜃1−𝜇2𝑛1𝑐𝑜𝑠𝜃2

𝜇1𝑛2𝑐𝑜𝑠𝜃1+𝜇2𝑛1𝑐𝑜𝑠𝜃2
+ 𝑖

2𝜇12𝜇2𝑛1𝑐𝑜𝑠𝜃1𝑠𝑖𝑛𝜃2𝑄

𝜇1𝑛2𝑐𝑜𝑠𝜃1+𝜇2𝑛1𝑐𝑜𝑠𝜃2
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𝑟𝑝𝑠 = 𝑟𝑠𝑝 = 0

𝑟𝑠𝑠 =
𝜇2𝑛1𝑐𝑜𝑠𝜃1−𝜇1𝑛2𝑐𝑜𝑠𝜃2

𝜇2𝑛1𝑐𝑜𝑠𝜃1+𝜇1𝑛2𝑐𝑜𝑠𝜃2

𝜇1 𝜇2

𝜃1 𝜃2
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-2000 0 2000

-0,002

-0,001

0,000

0,001

0,002

 

 


K

e
rr

H (Oe)



𝛿𝐾𝑒𝑟𝑟 =
𝑅+−𝑅−

𝑅0

  



𝛿𝐾𝑒𝑟𝑟
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 

 

 

 
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θ < π/2

θ > π/2
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θ < π/2
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𝐸𝑒𝑥 = −2𝐽 ∑ 𝑆𝑖 · 𝑆𝑗

𝐸𝑚 =
1

2
∫ 𝜇0𝑀⃗⃗⃗𝐻⃗⃗⃗𝑑𝑑𝑉

𝑉

𝐸𝑚 =
1

2
𝑀⃗⃗⃗𝐻⃗⃗⃗𝐷

𝐸𝐾 = 𝐾1𝑠𝑒𝑛2𝜃

𝐸𝑍 = −𝐻⃗⃗⃗𝑒𝑥𝑡 · 𝑀⃗⃗⃗

𝐸𝑎 = 𝑁𝑎𝐾
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𝐸𝑒𝑥 = −2𝐽𝑆2 ∑ 𝑐𝑜𝑠2𝜃𝑖𝑗 = −𝐴𝑎 ∑ 𝑐𝑜𝑠2𝜃𝑖𝑗

𝜃 = 0 𝜃 = 𝜋

𝐸𝑒𝑥 ≈  𝐽𝑆2𝜋2/𝑁𝑎2

𝛿 = 𝜋√
𝐴

𝐾
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2πM𝑆
2

𝑄 =
𝐾𝑁

2πM𝑆
2

2πM𝑆
2 < 𝐾𝑁
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



 

 

 

5 =
𝑋𝐶𝑜

𝑋𝑁𝑑
=

𝜌𝐶𝑜𝜏𝐶𝑜

𝐴𝐶𝑜

𝐴𝑁𝑑

𝜌𝑁𝑑𝜏𝑁𝑑
= 3.2035

𝜏𝐶𝑜

𝜏𝑁𝑑
  →   𝜏𝐶𝑜 = 1.56𝜏𝑁𝑑

𝑋𝑖 𝜌𝑖 𝜏𝑖 𝐴𝑖

𝜏𝐶𝑜 = 2.65 Å/𝑠 𝜏𝑁𝑑 =
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1.7Å/

𝜌𝑁𝑑𝐶𝑜5
≅

5

6
𝜌𝐶𝑜 +

1

6
𝜌𝑁𝑑 = 8.57 𝑔/𝑐𝑐

𝜏𝑁𝑑𝐶𝑜5
≅

𝜏𝐶𝑜𝜌𝐶𝑜+𝜏𝑁𝑑𝜌𝑁𝑑

𝜌𝑁𝑑𝐶𝑜5

= 4.10 Å/𝑠

𝑋𝐶𝑜

𝑋𝑁𝑑
= 5,0 ± 0,1



45 
 

1 2 3 4 5 6

10

100

1000

10000

100000

 

 

In
s
te

n
s
id

a
d

 (
u

.a
.)

2
     

 

 

  

0 100 200 300 400 500 600 700

0,0000

0,0002

0,0004

0,0006

0,0008

0,0010

0,0012

0,0014

0,0016

 fit   y= c + px  

t =(p1/2
)= 530 nm

s
e

n
2

 
m

m2



46 
 


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
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






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

𝑄 ∝ 𝑀

𝛿𝐾𝑒𝑟𝑟(𝐻) = 𝑓(𝐻) + 𝑔(𝐻)

𝑓(𝐻) 𝑔(𝐻)

𝛿𝐾𝑒𝑟𝑟(𝐻) + 𝛿𝐾𝑒𝑟𝑟(−𝐻) = 2𝑔(𝐻)

𝛿𝐾𝑒𝑟𝑟(𝐻) − 𝛿𝐾𝑒𝑟𝑟(−𝐻) =  2𝑓(𝐻)

𝑓(𝐻)

𝛿′𝐾𝑒𝑟𝑟(𝐻) = 𝑓(𝐻) =  
𝛿𝐾𝑒𝑟𝑟(𝐻)−𝛿𝐾𝑒𝑟𝑟(−𝐻)

2

𝛿′𝐾𝑒𝑟𝑟
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𝐻𝐾𝑢 = 𝐻𝑆(𝐻𝐴)

𝐻𝐾𝑢 ≅ 𝐻𝑆(𝐻𝐴) − 𝐻𝑆(𝐸𝐴)

𝐻𝐾𝑢

𝛿𝐾𝑒𝑟𝑟
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Lámina A6

  T = 13K
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K

e
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Lámina A20

T = 200 K

 

𝑚𝑅 = 𝛿𝐾𝑒𝑟𝑟(𝐻 = 0)/𝛿𝐾𝑒𝑟𝑟(𝑠𝑎𝑡𝑢𝑟𝑎𝑐𝑖ó𝑛) 𝛿𝐾𝑒𝑟𝑟
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𝐾𝑢 =
1

2
𝐻𝐾𝑢𝑀𝑆

Ku(300 K) = 1.7 · 105erg/cc

KN = 1.8 ·
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106erg/cc 𝐾𝑢

6.3 · 106erg/cc
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




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μ
μ

σ

𝜎𝑎𝑏𝑠(𝐸) =  
𝛤𝑖→𝑓

𝐼𝑝ℎ

|𝑖⟩

|𝑓⟩

𝐸 =  ℏ𝜔
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𝛤𝑖→𝑓 =  
2𝜋

ℏ
|〈𝑓|𝐻𝑖𝑛𝑡|𝑖〉|2𝜌(𝐸𝑓)𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔)

𝜌(𝐸𝑓)

𝐻𝑖𝑛𝑡 =
𝑒

𝑚𝑒
𝐩 · 𝐀

𝐩 𝐀

𝐄 = −𝜕𝐀/𝜕𝑡

𝐄
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|𝑎⟩ |𝑏⟩

𝐀 =  𝐴0𝝐𝑒𝑖(𝒌𝒓−𝜔𝑡)

ℳ = 〈𝑏|𝐩 · 𝛜𝑒𝑖𝒌𝒓|𝑎〉

𝛜 𝐤

𝐤

𝐩 𝐫

𝐩 = 𝑚𝑒/𝑖ℏ[𝒓, 𝐻]

ℳ = 〈𝑏|𝐩 · 𝛜(1 + 𝑖𝐤 · 𝐫+. . . )|𝑎〉 ≃ 〈𝑏|𝐩 · 𝛜|𝑎〉 = 𝑖𝑚𝑒𝜔〈𝑏|𝐫 · 𝛜|𝑎〉
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(𝐤 · 𝐫)𝑛 2𝑛+1

2𝑛

𝜎𝑎𝑏𝑠  4𝜋2 𝑒2

4𝜋𝜖0ℏ𝑐
ℏ𝜔 |〈𝑏|𝐫 · 𝛜|𝑎〉|2𝜌(𝐸𝑏)𝛿(𝐸𝑏 − 𝐸𝑎 − ℏ𝜔)

𝐼𝑟𝑒𝑠  4𝜋2 𝑒2

4𝜋𝜖0ℏ𝑐
ℏ𝜔 |〈𝑏|𝐫 · 𝛜|𝑎〉|2

𝑒2

4𝜋𝜖0ℏ𝑐
=

1

137

𝒌

𝝐𝑧
± = ∓

1

√2
(𝝐𝑥 ± 𝑖𝝐𝑦)

𝑃𝛼
𝑞 = 𝛜 · 𝐫 = 𝛜𝛂

𝐪
· 𝐫

𝑌𝑙,𝑚(𝜃, 𝜙)

𝑃𝑧
± = 𝛜z

± · 𝐫 = ∓
1

√2
(𝑥 ± 𝑖𝑦) = 𝑟√

4𝜋

3
𝑌1,±1

𝑃𝑧
0 = 𝛜z

0 · 𝐫 = 𝑧 = 𝑟√
4𝜋

3
𝑌1,0

〈𝑏|𝐫 ·

𝛜|𝑎〉 =  〈𝑏|𝑃𝛼
𝑞|𝑎〉

𝑙 ∆𝑙 =  +1, −1 0

∆𝑠 = 0

𝑗, 𝑠, 𝑙 𝑚
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∆𝑗 = 0, ±1, ∆𝑠 = 0, ∆𝑙 = ±1, ∆𝑚 =  {
+1                     circular right

 0                                linear
−1                       circular left

𝐾    1𝑠         →   4𝑝1/2

𝐿2    2𝑝1/2   →   4𝑠, 3𝑑3/2

𝐿3    2𝑝3/2   →   4𝑠, 3𝑑3/2, 3𝑑5/2

𝑀4    3𝑑3/2  →   6𝑝, 4𝑓5/2

𝑀5    3𝑑5/2  →   6𝑝3/2, 4𝑓5/2, 4𝑓7/2

 

 

 

|𝑎⟩ |𝑏⟩

|𝑏⟩ =  |𝑅𝑛′,𝑙′(𝑟); 𝑙′, 𝑚′
𝑙 , 𝑠′, 𝑚′

𝑠⟩ = 𝑅𝑛′,𝑙′(𝑟)𝑌𝑙′,𝑚′𝑙
(𝜃, 𝜑)𝜒𝑠′,𝑚′𝑠
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𝑗 = 𝑙 − 𝑠 𝑙 + 𝑠

𝑅𝑛′,𝑙′(𝑟) 𝑌𝑙′,𝑚′𝑙
(𝜃, 𝜑) 𝜒𝑠′,𝑚′𝑠

𝑛, 𝑙, 𝑚𝑙 , 𝑠, 𝑚𝑠

{𝐻, 𝐋, 𝐿𝑧 , 𝐒, 𝑆𝑧}

𝑚𝑙 𝑚𝑠

𝐉 = 𝐋 + 𝐒 𝐽𝑧 𝑗 = 𝑙 ± 𝑠 𝑚𝑗

|𝑎⟩ =  |𝑅𝑛,𝑙(𝑟); 𝑗, 𝑚𝑗 , 𝑙, 𝑠⟩ = ∑ |𝑅𝑛,𝑙(𝑟); 𝑙, 𝑚𝑙 , 𝑠, 𝑚𝑠⟩𝑚𝑙,𝑚𝑠
⟨𝑙, 𝑚𝑙 , 𝑠, 𝑚𝑠|𝑗, 𝑚𝑗⟩

𝐶𝑙,𝑚𝑙
= ⟨𝑙, 𝑚𝑙 , 𝑠, 𝑚𝑠|𝑗, 𝑚𝑗⟩

〈𝑏|𝑃𝛼
𝑞|𝑎〉 =  𝛿(𝑚′𝑠, 𝑚𝑠)⟨𝑅𝑛′,𝑙′(𝑟)|𝑟|𝑅𝑛,𝑙(𝑟)⟩ ∑ 𝐶𝑙,𝑚𝑙𝑚𝑙

⟨𝑙′, 𝑚′
𝑙|𝛜𝜶

𝒒
·

𝐫

𝑟
|𝑙, 𝑚𝑙⟩

ℛ = ⟨𝑅𝑛′,𝑙′(𝑟)|𝑟|𝑅𝑛,𝑙(𝑟)⟩ = ∫ 𝑅∗
𝑛′,𝑙′(𝑟)

∞

0
𝑅𝑛,𝑙(𝑟)𝑟3𝑑𝑟
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|𝑙, 𝑚𝑙⟩

|𝑙 + 1, 𝑚𝑙 ± 1⟩ 3 − 𝑗

√
4𝜋

3
∑ 𝐶𝑙,𝑚𝑙𝑚𝑙

⟨𝑙′ = 𝑙 + 1, 𝑚′
𝑙 = 𝑚𝑙 ± 1|𝑌1,±1|𝑙, 𝑚𝑙⟩

√
4𝜋

3
∑ 𝐶𝑙,𝑚𝑙𝑚𝑙

(−1)
𝑙−𝑚𝑙√𝑙 + 1 (

𝑙 + 1 1 𝑙
−(𝑚𝑙 ± 1) ±1 𝑚𝑙

)  =

                               √4𝜋

3
∑ 𝐶𝑙,𝑚𝑙𝑚𝑙

√
(𝑙±𝑚𝑙+2)(𝑙±𝑚𝑙+1)

2(2𝑙+3)(2𝑙+1)

|𝒋𝒎𝒋⟩ |𝒍 = 𝟏𝒎𝒍𝒎𝒔⟩

1

2
, +

1

2

1

√3
(|0 ↑⟩ − √2| + 1 ↓⟩)

1

2
, −

1

2

1

√3
(√2| − 1 ↑⟩ − |0 ↓⟩)

3

2
, +

3

2
| + 1 ↑⟩

3

2
, +

1

2

1

√3
(√2|0 ↑⟩ + |1 ↓⟩)

3

2
, −

1

2

1

√3
(| − 1 ↑⟩ + √2|0 ↓⟩)

3

2
, −

3

2
| − 1 ↓⟩

𝐼𝐿3

+ = ∑ |〈𝑏|𝑷𝑧
+|𝑎〉|2

𝑎,𝑏 =  
1

3
ℛ2 𝐼𝐿3

− =  
5

9
ℛ2

𝐼𝐿2

+ =  
1

3
ℛ2 𝐼𝐿2

− =  
1

9
ℛ2
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3𝑑

∆𝐼(𝐸) = 𝐼+(𝐸) − 𝐼−(𝐸)

2𝑝3/2 2𝑝1/2

∆𝜇𝐿3
: ∆𝜇𝐿2

= −1

 

𝑗± = 𝑐 ±
1

2
𝑙 = 𝑐 ± 1 𝑛

𝑐4𝑐+2𝑙𝑛

𝑐4𝑐+1𝑙𝑛+1
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〈𝐼〉 =
1

3
∫ (𝐼0 + 𝐼+ + 𝐼−)𝑑𝐸

𝑗++𝑗− =
𝑒2

4𝜋𝜖0ℏ𝑐
ℛ2(𝑛𝑐 → 𝑛′𝑙)

𝑙(4𝑙+2−𝑛)

3(2𝑙+1)

〈𝐼〉 = 𝐶𝑁ℎ

𝑗±

𝜇𝑙 = 〈𝐿𝑧〉

〈𝐿𝑧〉 =
2𝑙(𝑙+1)(4𝑙+2−𝑛)

𝑙(𝑙+1)+2−𝑐(𝑐+1)

∫ (𝐼+−𝐼−)𝑑𝐸𝑗++𝑗−

∫ (𝐼0+𝐼++𝐼−)𝑑𝐸𝑗++𝑗−

∫ (𝐼0 + 𝐼+ + 𝐼−)𝑑𝐸
𝑗++𝑗−

𝜇𝑠 = 2〈𝑆𝑧〉

𝑙(𝑙+1)−2−𝑐(𝑐+1)

3𝑐(4𝑙+2−𝑛)
〈𝑆𝑧〉 +

𝑙(𝑙+1)[𝑙(𝑙+1)+2𝑐(𝑐+1)+4]−3(𝑐−1)2(𝑐+2)2

6𝑙𝑐(𝑙+1)(4𝑙+2−𝑛)
〈𝑇𝑧〉  =

                                                             
∫ (𝐼+−𝐼−)𝑑𝐸𝑗+ −

𝑐+1

𝑐
∫ (𝐼+−𝐼−)𝑑𝐸𝑗−

∫ (𝐼0+𝐼++𝐼−)𝑑𝐸𝑗++𝑗−

 〈𝑇𝑧〉

𝑙

𝐓 = ∑ 𝐒𝑖 − 3
𝐫𝑖(𝐫𝑖·𝐒𝑖)

𝑟𝑖
2𝑖

𝐿3,2 3𝑑 𝑐 = 1 2𝑝

𝑙 = 2 3𝑑

3𝑑 𝑛ℎ = 4𝑙 + 2 − 𝑛
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〈𝐿𝑧〉 = 2𝑛ℎ

∫ (𝐼+−𝐼−)𝑑𝐸𝐿3+𝐿2

∫ (𝐼0+𝐼++𝐼−)𝑑𝐸𝐿3+𝐿2

〈𝑆𝑧〉 +
7

2
〈𝑇𝑧〉 =

3

2
𝑛ℎ

∫ (𝐼+−𝐼−)𝑑𝐸𝐿3
−2 ∫ (𝐼+−𝐼−)𝑑𝐸𝐿2

∫ (𝐼0+𝐼++𝐼−)𝑑𝐸𝐿3+𝐿2

𝑀5,4 4𝑓 𝑐 = 2 𝑙 = 3

〈𝐿𝑧〉 = 3𝑛ℎ

∫ (𝐼+−𝐼−)𝑑𝐸
𝑀5+𝑀4

∫ (𝐼0+𝐼++𝐼−)𝑑𝐸𝑀5+𝑀4

〈𝑆𝑧〉 + 3〈𝑇𝑧〉 =
3

4
𝑛ℎ

2 ∫ (𝐼+−𝐼−)𝑑𝐸𝑀5
−3 ∫ (𝐼+−𝐼−)𝑑𝐸𝑀4

∫ (𝐼0+𝐼++𝐼−)𝑑𝐸𝑀5+𝑀4

𝑐 → 𝑙 − 1 2𝑝 → 3𝑑

3𝑑 → 4𝑓 𝑐 → 𝑙 + 1 2𝑝 → 4𝑠 3𝑑 → 6𝑝

𝐿3,2
‖⟨4𝑠|𝑟|2𝑝⟩‖2

‖⟨3𝑑|𝑟|2𝑝⟩‖2 ≈
1

50

𝑀5,4

𝑐4𝑐+2𝑙𝑛 → 𝑐4𝑐+1𝑙𝑛+1

𝑙



73 
 

〈𝐼〉

𝑗±

𝜉

3𝑑

𝐿3 𝐿2

3𝑑

𝑗±

3𝑑

3𝑑 − 4𝑓 𝑀5 𝑀4

3𝑑 − 4𝑓

4𝑓 4𝑓

𝑗±

 4𝜋2 𝑒2

4𝜋𝜖0ℏ𝑐
ℏ𝜔
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𝑝

𝑑

𝑗𝑗

𝑗 = 𝑙 ± 1/2 𝑗𝑗

𝑗 = 𝑙 ±

1/2

𝑗𝑚

 



75 
 



76 
 

𝜃

𝜃

σ σ σ σ σ σ σ σ
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𝑑 ≪ 1 𝜇𝑥⁄ ) 𝐼0 − 𝐼𝑡 = 𝐼0(1 − 𝑒−𝜇𝑥𝑑) ≈ 𝐼0𝑑𝜇𝑥

𝜆𝑒~2 − 5 𝑛𝑚 ≪ 𝜆𝑥

𝜇𝑥
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4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

X
A

S
 (

a
rb

. 
u

n
it

s
)

840830820810800790780770760

Energy (eV)

0.93

0.92

0.91

0.90

0.89

0.88

0.87

X
A

S
 (

a
rb

. 
u

n
it

s
)

776774772770768766764762760

Energy (eV)
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1.2

1.1

1.0

0.9

0.8

X
A

S
 (

a
rb

. 
u

n
it

s
)

840835830825820815810805800

Energy (eV)
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1.4

1.2

1.0

0.8

0.6

0.4

0.2

X
A

S
 (

a
rb

. 
u

n
it

s
)

1030102010101000990980970960

Energy (eV)
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20

15

10

5

0

X
A

S

105010401030102010101000990980970960

Energy (eV)

1.4

1.2

1.0

0.8

0.6

X
A

S

105010451040103510301025102010151010

Energy (eV)

60x10
-3

50

40

30

X
A

S
 (

a
rb

. 
u

n
it

s
)

840830820810800790780770760

Energy (eV)
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𝐵(𝐸𝑖) = 𝑎0 + 𝑏0 · 𝐸𝑖
𝑑𝐵(𝐸)

𝑑𝐸
= 𝐶 + 𝐾 · 𝐸

𝑑𝐵(𝐸)

𝑑𝐸
= 𝑏1 𝑎𝑡 𝐸𝑓

𝐸𝑖 𝐸𝑓

𝑦 = 𝑎0 + 𝑏0 · 𝐸 𝑦 = 𝑎1 + 𝑏1 · 𝐸

𝐵(𝐸) = 𝑎0 + 𝑏0 · 𝐸𝑖 + ∫
𝑑𝐵(𝐸)

𝑑𝐸
 𝑑𝐸

𝐸

𝐸𝑖

𝐵(𝐸𝑖) = 𝑎0 + 𝑏0 · 𝐸𝑖
𝑑𝐵(𝐸)

𝑑𝐸
= 𝐶 + 𝐾 · 𝐸 = 𝑏0 + 𝐾′ · (𝐸 − 𝐸𝑖)

[
𝑑𝐵(𝐸)

𝑑𝐸
]

𝐸=𝐸𝑓

= 𝑏1 𝐾′ =
𝑏1−𝑏0

𝐸𝑓−𝐸𝑖

𝐵(𝐸) = 𝑎0 + 𝑏0 · 𝐸𝑖
𝑏0𝐸𝑓−𝑏1𝐸𝑖

𝐸𝑓−𝐸𝑖
(𝐸 − 𝐸𝑖) +

𝑏1−𝑏0

2(𝐸𝑓−𝐸𝑖)
(𝐸2 − 𝐸𝑖

2)

𝜃

𝜃
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𝜆𝑒 ≪ 𝜆𝑥 = 1 𝜇𝑥⁄

𝑐𝑜𝑠𝜃 𝜃

𝜆𝑒~𝜆𝑥𝑐𝑜𝑠𝜃

𝐼0(𝐸) 𝜆𝑒 ≫

𝜆𝑥𝑐𝑜𝑠𝜃

𝐼0(𝐸)



 

85 
 

𝑡

𝑌𝑒(𝑡) =
𝐶

1+𝑐𝑜𝑠𝜃 𝜇𝜆𝑒⁄
{1 − 𝑒−𝑡(1 𝜆𝑒+𝜇 𝑐𝑜𝑠𝜃⁄ )⁄ }

𝑌𝑒(𝑡) = 𝐶
𝜇𝜆𝑒

𝑐𝑜𝑠𝜃
(

1

𝜆𝑒 𝜆𝑥𝑐𝑜𝑠𝜃⁄ +1
){1 − 𝑒−𝑡(1 𝜆𝑒+𝜇 𝑐𝑜𝑠𝜃⁄ )⁄ }

𝜇

𝑓(𝜃, 𝜆𝑒 , 𝜆𝑥) = (𝜆𝑒 𝜆𝑥𝑐𝑜𝑠𝜃⁄ + 1) {1 − 𝑒−𝑡(1 𝜆𝑒+1 𝜆𝑥𝑐𝑜𝑠𝜃⁄ )⁄ }⁄

𝑓(𝜃, 𝜆𝑒 , 𝜆𝑥) = (𝜆𝑒 𝜆𝑥𝑐𝑜𝑠𝜃⁄ + 1)

𝜆𝑒

𝜃

𝜃
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𝑌𝑛𝑜𝑟𝑚

𝑌𝑛𝑜𝑟𝑚

𝑌𝑛𝑜𝑟𝑚

𝑌𝑛𝑜𝑟𝑚(𝐸𝑒𝑑𝑔𝑒)/𝑌𝑛𝑜𝑟𝑚(𝐸𝑃)

𝑌𝑛𝑜𝑟𝑚

𝜃 𝑌𝑛𝑜𝑟𝑚(𝐸𝑒𝑑𝑔𝑒)

𝜇𝐿
𝑇(𝐸)
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𝜆𝑒

𝑌𝑒 = 𝐶
𝜇𝜆𝑒

𝑐𝑜𝑠𝜃
(

1
𝜆𝑒

𝜆𝑥𝑐𝑜𝑠𝜃
+1

)

𝜇∗

𝜇∗ =
𝜇

𝜆𝑒 (𝜆𝑥𝑐𝑜𝑠𝜃)⁄ +1

𝜇∗

𝜇𝐿
∗(𝐸)

𝜃

𝜇𝐿
𝑇(𝐸)

𝜃 𝜇𝐿
∗(𝐸) =

𝜇𝐿
𝑇(𝐸) 

𝜆𝑒 (𝜆𝑥𝑐𝑜𝑠𝜃)⁄ +1

𝜇𝐿
𝑇(𝐸) 𝜇∗

𝜆𝑥(𝐸) = 1 𝜇(𝐸)⁄ 𝜇

𝜇 = 𝜇∗ [1 −
𝜇∗𝜆𝑒

𝑐𝑜𝑠𝜃
]⁄
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𝜆𝑒

𝜆𝑒 = 25 Å

𝜆𝑒 = 10 − 25 Å 𝜆𝑒 = 15 − 115 Å

𝜆𝑒

𝜇∗(𝐸𝑒𝑑𝑔𝑒 , 𝜃)/𝜇∗(𝐸𝑒𝑑𝑔𝑒, 0º) = 𝐶0𝑐𝑜𝑠𝜃 (1 + 𝑘⁄ 𝑐𝑜𝑠𝜃)

𝐶0 = 1 + 𝑘 𝑘 = 𝜆𝑥 𝜆𝑒⁄

𝜇∗(𝐸𝑒𝑑𝑔𝑒)

𝐹(𝜃) = 𝐶0𝑐𝑜𝑠𝜃 (1 + 𝑘⁄ 𝑐𝑜𝑠𝜃)

𝜇(𝐸)
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𝜃 𝜃 

𝜇𝐿
𝑇(𝐸)

𝜇𝐿
𝑇(𝐸) =

𝜌𝑁𝑑𝑥𝐶𝑜𝑦𝑁𝐴

(𝑥𝐴𝑁𝑑+𝑦𝐴𝐶𝑜)
(𝑥𝜎𝑁𝑑(𝐸) + 𝑦𝜎𝐶𝑜(𝐸))

𝜎 = 2𝑟0𝜆(𝐸)𝑓2(𝐸)

𝑟0 = 𝑒2 4𝜋𝜖0𝑚𝑒𝑐2⁄ = 2.8179 · 10−15

𝜆(𝐸) = ℎ𝑐/𝐸 𝑓2(𝐸) = 𝐹′′(𝐸)

𝜇𝐿
𝑇(𝐸)

𝜇𝐿
𝑇(𝐸)

𝜇𝐿
∗(𝐸) =

𝜇𝐿
𝑇(𝐸) 

𝜆𝑒 (𝜆𝑥𝑐𝑜𝑠𝜃)⁄ +1
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𝜇𝐿
𝑇(𝐸)

𝜇𝐿
∗(𝐸)

𝜆𝑒 = 23 Å

𝜇𝐿
∗(𝐸)

𝑌𝑛𝑜𝑟𝑚(𝜃)

𝜇∗ (𝐸)

𝜇𝐿
∗(𝐸)

𝜇∗(𝐸)

𝜃 = 75º



 

91 
 

𝜇(𝐸)

𝜇∗(𝐸)

𝜇(𝐸)

𝜃 = 75º

𝜇∗ 𝜇𝐿
∗

𝜇 𝜇𝐿
𝑇

𝑌𝑛𝑜𝑟𝑚

𝜇𝐿
∗(𝐸)

𝑌𝑛𝑜𝑟𝑚

𝑦 = 1

𝑌𝑛𝑜𝑟𝑚 𝑦 = 0

𝑦 = 1

𝑦1 = 𝑎1 + 𝑏1 · 𝐸 𝑦2 = 𝑎2 + 𝑏2 · 𝐸 𝜇𝐿
∗

𝑦1 𝑦2
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𝑌𝑛𝑜𝑟𝑚

𝑦 = 0 𝑦 = 1

𝜇𝐿
∗

𝑌𝑛𝑜𝑟𝑚

𝐶 = 𝜇𝐿
∗(𝐸𝑌𝑚𝑖𝑛) 𝜇∗ 𝐸𝑌𝑚𝑖𝑛

𝑌𝑛𝑜𝑟𝑚

𝑌𝑛𝑜𝑟𝑚 𝜇𝐿
∗

𝜇∗

5

4

3

2

1

0

N
o

rm
a

li
z
e

d
 X

A
S

840830820810800790780770760

Energy (eV)

14

12

10

8

6

4

2

0

N
o
rm

a
liz

e
d
 X

A
S

102510201015101010051000995990985980975970965960

Energy (eV)
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𝜇∗

𝑦2

𝜇𝐿
∗

𝜇𝐿
∗

𝑌𝑛𝑜𝑟𝑚(𝐸𝑌𝑚𝑖𝑛) = 0 𝐸𝑌𝑚𝑖𝑛

𝑌𝑛𝑜 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑(𝐸) = 𝑌𝑛𝑜𝑟𝑚(𝐸) − 𝑝 ·

(𝐸 − 𝐸𝑌𝑚𝑖𝑛) 𝜇∗ 𝜇𝐿
∗ 𝐸𝑌𝑚𝑖𝑛

𝑝 𝑌𝑛𝑜 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑(𝐸𝑌𝑚𝑖𝑛) = 𝑌𝑛𝑜𝑟𝑚(𝐸𝑌𝑚𝑖𝑛)

𝐴 𝜇∗ 𝑌𝑛𝑜𝑟𝑚 𝐸𝑌𝑚𝑖𝑛

𝜇∗ 𝑌𝑛𝑜 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝐴 = 𝑆𝑡𝑒𝑝𝜇𝐿
∗ (𝐸𝑌𝑚𝑖𝑛) 𝑆𝑡𝑒𝑝𝑌𝑛𝑜𝑟𝑚(𝐸𝑌𝑚𝑖𝑛)⁄ = [𝑦2(𝐸𝑌𝑚𝑖𝑛) − 𝑦1(𝐸𝑌𝑚𝑖𝑛)] 1⁄

𝐴 𝑌𝑛𝑜𝑟𝑚

𝑌𝑛𝑜𝑟𝑚 𝐴

𝑝𝐴 𝑝𝐴

𝑌𝑛𝑜𝑟𝑚

𝜇∗ 𝜇𝐿
∗ 𝑏2

𝜇∗(𝐸) = 𝑌𝑛𝑜𝑟𝑚(𝐸) · 𝐴 + 𝑦1(𝐸𝑌𝑚𝑖𝑛) − 𝑏2 · (𝐸 − 𝐸𝑌𝑚𝑖𝑛
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𝑌𝑛𝑜𝑟𝑚 𝜇𝐿
∗

𝜇∗

𝜇

𝜇∗

𝑌𝜇 𝜇 𝜇𝐿
𝑇

𝑆 = 𝑦2(𝐸𝑒𝑑𝑔𝑒) − 𝑦1(𝐸𝑒𝑑𝑔𝑒) 𝑦1 𝑦2 𝜇𝐿
𝑇

𝑦′1 𝑦′1 = 𝑦1/𝑆 𝑌𝜇 ≅ 0

𝑌𝜇

𝑡𝐴𝑙/𝑐𝑜𝑠𝜃

𝜇𝐴𝑙(𝐸)
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𝑒−𝜇𝐴𝑙𝑡𝐴𝑙/𝑐𝑜𝑠𝜃

𝑌𝑁𝑑𝐶𝑜
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

= 𝐶𝑒−𝜇𝐴𝑙𝑡𝐴𝑙/𝑐𝑜𝑠𝜃 𝜇𝑁𝑑𝐶𝑜𝜆𝑒

𝑐𝑜𝑠𝜃
(

1
𝜆𝑒𝜇𝑁𝑑𝐶𝑜

𝑐𝑜𝑠𝜃
+1

)

𝑒−𝑡𝐴𝑙/𝜆𝑒

𝑌𝑁𝑑𝐶𝑜 = 𝐶𝑒−𝜇𝐴𝑙𝑡𝐴𝑙/𝑐𝑜𝑠𝜃 𝜇𝑁𝑑𝐶𝑜𝜆𝑒

𝑐𝑜𝑠𝜃
(

1
𝜆𝑒𝜇𝑁𝑑𝐶𝑜

𝑐𝑜𝑠𝜃
+1

)𝑒−𝑡𝐴𝑙/𝜆𝑒

𝜆𝑒 𝑌𝑁𝑑𝐶𝑜

𝑡𝐴𝑙 = 10 − 30 Å

𝑌𝐴𝑙 = 𝐶
𝜇𝐴𝑙𝜆𝑒

𝑐𝑜𝑠𝜃
(

1

𝜆𝑒𝜇𝐴𝑙 𝑐𝑜𝑠𝜃⁄ +1
){1 − 𝑒−𝑡𝐴𝑙(1 𝜆𝑒+𝜇𝐴𝑙 𝑐𝑜𝑠𝜃⁄ )⁄ }

160x10
-6

140

120

100

80

60

µ
A

l 
(Å

-1
)

110010501000950900850800750

Energy (eV)
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𝑌𝑡𝑜𝑡 =
𝐶𝜆𝑒

𝑐𝑜𝑠𝜃
·

𝜇𝑁𝑑𝐶𝑜

𝜆𝑒𝜇𝑁𝑑𝐶𝑜 𝑐𝑜𝑠𝜃⁄ +1
{

𝜇𝐴𝑙

𝜇𝑁𝑑𝐶𝑜
·

𝜆𝑒𝜇𝑁𝑑𝐶𝑜 𝑐𝑜𝑠𝜃⁄ +1

𝜆𝑒𝜇𝐴𝑙 𝑐𝑜𝑠𝜃⁄ +1
(1 − 𝑒−𝑡𝐴𝑙(1 𝜆𝑒+𝜇𝐴𝑙 𝑐𝑜𝑠𝜃⁄ )⁄ ) +

𝑒−𝑡𝐴𝑙(1 𝜆𝑒+𝜇𝐴𝑙 𝑐𝑜𝑠𝜃⁄ )⁄ }

𝑡𝐴𝑙

𝜇∗ =
𝜇𝑁𝑑𝐶𝑜

𝐹(𝜇𝑁𝑑𝐶𝑜,𝜃)
{

𝜇𝐴𝑙

𝜇𝑁𝑑𝐶𝑜
·

𝐹(𝜇𝑁𝑑𝐶𝑜,𝜃)

𝐹(𝜇𝐴𝑙,𝜃)
(1 − 𝐺𝐴𝑙(𝜃)) + 𝐺𝐴𝑙(𝜃)}

𝐹(𝜇, 𝜃) = 𝜆𝑒𝜇 𝑐𝑜𝑠𝜃⁄ + 1 𝐺𝐴𝑙(𝜃) = 𝑒−𝑡𝐴𝑙(1 𝜆𝑒+𝜇𝐴𝑙 𝑐𝑜𝑠𝜃⁄ )⁄ 𝜇∗

𝑌𝑛𝑜𝑟𝑚 𝜇𝐿
∗(𝐸)

𝜇𝐿
∗(𝐸)

𝜇𝐿
∗ =

𝜇𝐿
𝑇

𝐹(𝜇𝐿
𝑇 ,𝜃)

{
𝜇𝐴𝑙

𝜇𝐿
𝑇 

·
𝐹(𝜇𝐿

𝑇 ,𝜃)

𝐹(𝜇𝐴𝑙,𝜃)
(1 − 𝐺𝐴𝑙(𝜃)) + 𝐺𝐴𝑙(𝜃)}

𝜇𝐿
𝑇(𝐸)

𝜇∗  𝜇𝑁𝑑𝐶𝑜

𝜇𝑁𝑑𝐶𝑜 = 𝜇∗ [1 −
𝜇̃∗𝜆𝑒

𝑐𝑜𝑠𝜃
]⁄

𝜇∗ [𝜇∗ −
𝜇𝐴𝑙

𝐹(𝜇𝐴𝑙,𝜃) 
· (1 − 𝐺𝐴𝑙(𝜃))] /𝐺𝐴𝑙(𝜃)

𝑡𝐴𝑙 → 0 𝜇∗ = 𝜇∗

𝜇𝐿
𝑇(𝐸)

𝜇𝐿
∗(𝐸)

𝜆𝑒 = 23 Å
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𝜃 = 75º 𝜆𝑒 = 23 Å

𝐼+ − 𝐼−

< 𝐼 >=
1

3
(𝐼𝛼

0 + 𝐼𝛼
+ + 𝐼𝛼

−) =
1

3
(𝐼𝑥

𝑞 + 𝐼𝑦
𝑞 + 𝐼𝑧

𝑞)

(𝐼+ + 𝐼− + 𝐼0) ≅
3

2
(𝐼+ + 𝐼−)

2𝐼0 − 𝐼+ − 𝐼−
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(𝐼+ + 𝐼−)

𝐼0

θ

𝐼𝛼
± = 𝐼𝛼

+ + 𝐼𝛼
−
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< 𝐼 >=
1

3
(𝐼𝑥

0 + 𝐼𝑦
0 + 𝐼𝑧

0) =
1

6
(𝐼𝑥

± + 𝐼𝑦
± + 𝐼𝑧

±)

θ

𝐼𝑧
± = 𝐼𝑥

0 + 𝐼𝑦
0

𝐼𝑧
0

𝐼𝑥
0 = 𝐼𝑦

0 = 𝐼𝑝𝑙𝑎𝑛𝑒
0 𝐼±

θ θ 𝐼𝑧
±

𝐼𝑢𝜃

± = 𝐼𝑝𝑙𝑎𝑛𝑒
0 + 𝐼𝑢̂𝑛

0 = 𝐼𝑝𝑙𝑎𝑛𝑒
0 (1 + 𝑐𝑜𝑠2𝜃) + 𝐼𝑧

0𝑠𝑖𝑛2𝜃

                                                                Z                              

                                                     ûn                     γ± 

 

                      θ                    ûplanar            θ 

                                                                                                                                       Y 

 

                                          X 

𝑢̂𝑛 θ

θ 𝑧̂ 𝐼𝑢̂𝑛

0

𝐼𝑝𝑙𝑎𝑛𝑒
0 𝑐𝑜𝑠2𝜃 + 𝐼𝑧

0𝑠𝑖𝑛2𝜃

𝐼𝑧
0 =

𝐼𝜃
±

−
𝐼𝑧
±

2
(1+𝑐𝑜𝑠2𝜃)

𝑠𝑖𝑛2𝜃
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< 𝐼 >=
1

3
[𝐼𝑧

± (
1

2
−

𝑐𝑜𝑠2𝜃

𝑠𝑖𝑛2𝜃
) +

𝐼𝜃
±

𝑠𝑖𝑛2𝜃
]

θ

< 𝐼 >= 0.14273𝐼𝑧
± + 0.35727𝐼75º

±

𝐼𝛼
0 𝐼𝛼

±

                                             Z

θ



θ 

𝜖𝑧
− =

𝜖

√2
(

1
−𝑖
0

)

𝜖𝑧
+ =

𝜖

√2
(

1
𝑖
0

)

 
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(

𝜖𝑥𝑚

𝜖𝑦𝑚

𝜖𝑧𝑚

) = (
𝑐𝑜𝑠𝜃 0 −𝑠𝑖𝑛𝜃

0 1 0
𝑠𝑖𝑛𝜃 0 𝑐𝑜𝑠𝜃

) (
𝑐𝑜𝑠𝜑 −𝑠𝑖𝑛𝜑 0
𝑠𝑖𝑛𝜑 1 0

0 0 1
)

𝜖

√2
(

1
∓𝑖
0

) =
𝜖𝑒±𝑖𝜑

√2
(

𝑐𝑜𝑠𝜃
∓𝑖

𝑠𝑖𝑛𝜃
)

𝑃 =
𝑒±𝑖𝜑

√2
(𝑐𝑜𝑠𝜃𝑃𝑥𝑚

0 ∓ 𝑖𝑃𝑦𝑚
0 + 𝑠𝑖𝑛𝜃𝑃𝑧𝑚

0 )

𝑃𝑥𝑚
0 =

1

√2
(𝑃𝑧𝑚

−1 + 𝑃𝑧𝑚
1 )

𝑃𝑦𝑚
0 =

𝑖

√2
(𝑃𝑧𝑚

−1 − 𝑃𝑧𝑚
1 )

𝑃 =
𝑒±𝑖𝜑

√2
(

1

√2
(𝑐𝑜𝑠𝜃 ± 1)𝑃𝑧𝑚

−1 +
1

√2
(𝑐𝑜𝑠𝜃 ∓ 1)𝑃𝑧𝑚

1 + 𝑠𝑖𝑛𝜃𝑃𝑧𝑚
0 ) = ∑ 𝑒𝑧𝑚

𝑞
𝑞 𝑃𝑧𝑚

𝑞

𝛼𝐽𝑀 → 𝛼′𝐽′𝑀′

𝜎𝛼𝐽𝑀→𝛼′𝐽′𝑀′ ∝ ∑ |𝑒𝑧
𝑞|

2
𝑞 𝐴𝐽𝐽′

𝑞

𝐴𝐽𝐽′
𝑞

𝜎𝛼𝐽𝑀→𝛼′𝐽′𝑀′ ∝ (𝐴𝐽𝐽′
−1 (𝑐𝑜𝑠𝜃±1)2

4
+ 𝐴𝐽𝐽′

1 (𝑐𝑜𝑠𝜃∓1)2

4
+ 𝐴𝐽𝐽′

0 𝑠𝑖𝑛2𝜃

2
)

(𝐼+ + 𝐼−) = 𝐶 ∑
𝑐𝑜𝑠2𝜃 + 1

2
∆𝐽=0,±1

(𝐴𝐽𝐽′
−1 + 𝐴𝐽𝐽′

1 ) + 𝐴𝐽𝐽′
0 𝑠𝑖𝑛2𝜃 =

= 𝐶 [
𝑐𝑜𝑠2𝜃+1

2
(𝐴−1 + 𝐴1) + 𝐴0𝑠𝑖𝑛2𝜃] = [

𝑐𝑜𝑠2𝜃+1

2
(𝐼−1 + 𝐼1) + 𝐼0𝑠𝑖𝑛2𝜃]

(𝐼+ + 𝐼−) = 𝐼± = (𝑐𝑜𝑠2𝜃 + 1)𝐼⊥ + 𝑠𝑖𝑛2𝜃𝐼∥

𝛼 < 𝑐𝑜𝑠2𝜃 >= 𝑐𝑜𝑠2𝛼 < 𝑠𝑖𝑛2𝜃 >=

< 1 − 𝑐𝑜𝑠2𝜃 >= 1 − 𝑐𝑜𝑠2𝛼 = 𝑠𝑖𝑛2𝛼
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𝐼± = (𝑐𝑜𝑠2𝛼 + 1)𝐼⊥ + 𝑠𝑖𝑛2𝛼𝐼∥ = 𝐼⊥ + 𝐼∥  𝑐𝑜𝑠2𝛼(𝐼⊥ − 𝐼∥)

𝐼⊥ − 𝐼∥ ≠ 0 𝛼

1

2
𝐼𝑃𝑎𝑟𝑎𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐

± =
2

3
𝐼⊥ +

1

3
𝐼∥ =< 𝐼 >

𝛼

(𝐼+ + 𝐼−)



𝛼𝑖 𝛼𝑖

∆𝐼0º−75º
± = 𝐼±

0º
− 𝐼±

75º = (𝑐𝑜𝑠2𝛼0º − 𝑐𝑜𝑠2𝛼75º)(𝐼⊥ − 𝐼∥)

𝐼⊥ 𝐼∥ 𝐼i
⊥ 𝐼i

∥ ∆𝐼

𝛼𝑖 𝐼i
⊥

𝐼i
∥ 𝑋𝑀𝐿𝐷 = (𝐼∥−𝐼⊥)

𝑐𝑜𝑠𝛼

𝑋𝑀𝐿𝐷̅̅ ̅̅ ̅̅ ̅̅ 𝑋𝑀𝐿𝐷

∆𝐼0º−75º
± ≅ ∆𝑐𝑜𝑠2𝛼75º−0º𝑋𝑀𝐿𝐷̅̅ ̅̅ ̅̅ ̅̅ + ∆𝐼𝐴𝑋𝑀𝐿𝐷

∆𝐴𝑋𝑀𝐿𝐷 𝛼

𝑐𝑜𝑠2𝛼̅̅ ̅̅ ̅̅ ̅̅ 𝑐𝑜𝑠2𝛼

∆𝐴𝑋𝑀𝐿𝐷= 𝑐𝑜𝑠2𝛼̅̅ ̅̅ ̅̅ ̅̅ [𝑋𝑀𝐿𝐷75 − 𝑋𝑀𝐿𝐷0] + (𝐼75
⊥ − 𝐼0

⊥)

𝐼𝜃
⊥ + 𝐼𝜃

∥ = 3 < 𝐼 > −𝐼𝜃
⊥

2𝐼𝜃
⊥ + 𝐼𝜃

∥ = 3 < 𝐼 >  ∀ 𝜃

𝐼𝜃
⊥ = 𝐼⊥̅̅̅ + 𝛿𝜃
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𝐼𝜃
∥ = 𝐼∥̅ − 2𝛿𝜃

𝑋𝑀𝐿𝐷𝜃 = 𝑋𝑀𝐿𝐷̅̅ ̅̅ ̅̅ ̅̅ − 3𝛿𝜃 = 𝑋𝑀𝐿𝐷̅̅ ̅̅ ̅̅ ̅̅ − 3(𝐼𝜃
⊥ − 𝐼⊥̅̅̅)

∆𝐼𝐴𝑋𝑀𝐿𝐷 = (𝑐𝑜𝑠2𝛼̅̅ ̅̅ ̅̅ ̅̅ −
1

3
) [𝑋𝑀𝐿𝐷75 − 𝑋𝑀𝐿𝐷0]

∆𝐼0º−75º
± ≅ ∆𝑐𝑜𝑠2𝛼75º−0º𝑋𝑀𝐿𝐷̅̅ ̅̅ ̅̅ ̅̅ + (𝑐𝑜𝑠2𝛼̅̅ ̅̅ ̅̅ ̅̅ −

1

3
) ∆𝑋𝑀𝐿𝐷75º−0º

(𝑐𝑜𝑠2𝛼̅̅ ̅̅ ̅̅ ̅̅ −
1

3
) 𝑐𝑜𝑠2𝛼̅̅ ̅̅ ̅̅ ̅̅ =

1

3

𝑗±

𝑝 =

∫ (𝐼+ − 𝐼−)𝑑𝐸
𝑗+ 𝑞 = ∫ (𝐼+ − 𝐼−)𝑑𝐸

𝑗++𝑗−
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𝑌𝜇

𝑠(𝐸)

𝑠3(𝐸) = 2[𝑦2(𝐸) − 𝑦1(𝐸)]/[𝑦2(𝐸𝑒𝑑𝑔𝑒) − 𝑦1(𝐸𝑒𝑑𝑔𝑒)]

𝑦1 𝑦2 𝜇𝐿
𝑇

(𝑌𝜇
+ + 𝑌𝜇

−) 𝑌𝜇

𝑠2(𝐸) =
2

3
𝑠3(𝐸)

𝑌𝜇
+ + 𝑌𝜇

− 𝑠(𝐸)

∫(𝐼+(𝐸) + 𝐼−(𝐸)) − 𝑠(𝐸))𝑑𝐸

𝑟 = ∫ (𝐼+ + 𝐼− − 𝑠)𝑑𝐸
𝑗++𝑗−
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𝑠3(𝐸) (𝑌𝜇
+ + 𝑌𝜇

−)

𝑌𝜇
+ + 𝑌𝜇

− 𝑠(𝐸)

𝑟 = ∫ (𝐼+ + 𝐼− −
𝑗++𝑗−

𝑠)𝑑𝐸

2𝑝3/2 2𝑝1/2

4𝑓 − 3𝑑
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𝑄𝑋 = 𝑋𝐼 𝑋𝐸⁄ = 2.076 𝑋𝐼

𝑋𝐸

𝑋𝐸 =
2

3𝑛ℎ
〈𝑆𝑧〉 +

2

𝑛ℎ
〈𝑇𝑧〉

𝑋𝐼 = 𝑋𝐼(𝑀5) −
3

2
𝑋𝐼(𝑀4)

𝑋𝐼(𝑀5 𝑜𝑟 𝑀4) =
∫ (𝐼+−𝐼−)𝑑𝐸𝑀5 𝑜𝑟 𝑀4

∫ (𝐼0+𝐼++𝐼−)𝑑𝐸𝑀5+𝑀4

𝑛ℎ = 14 − 𝑛𝑒

 𝑋𝐼 =

𝑋𝐸 𝑄𝑋 = 1

〈𝐿𝑧〉𝐶𝑜 =
4𝑞

3<𝑟>

〈𝑆𝑧〉𝐶𝑜 =
3𝑝−2𝑞

<𝑟>
−

7

2
〈𝑇𝑧〉𝐶𝑜

〈𝐿𝑧〉𝑁𝑑 =
2𝑞

𝑟𝑝𝑎𝑟𝑎𝑚𝑎𝑔

〈𝑆𝑧〉𝑁𝑑 =
5𝑝−3𝑞

2𝑄𝑋𝑟𝑝𝑎𝑟𝑎𝑚𝑎𝑔
− 3〈𝑇𝑧〉𝑁𝑑

< 𝑟 >= 2(0.14273𝑟0º +

0.35727𝑟75º)

〈𝑇𝑧〉

𝑇𝛼 = ∑ 𝑄𝛼𝛽𝑆𝛽𝛽

〈𝑇𝑧〉

𝜉 ≈ 70 𝑚𝑒𝑉

∆𝑒𝑥𝑐ℎ≈ 1 𝑒𝑉 ∆𝐶𝐹≈ 1 𝑒𝑉
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〈𝑇𝛼〉 =  〈𝑆𝛼〉 · 〈𝑄𝛼𝛼〉 𝑄𝛼𝛼

(𝑄𝑥𝑥 + 𝑄𝑦𝑦 + 𝑄𝑧𝑧 = 0)

〈𝑇𝑧〉𝐶𝑜 ≈ 0

〈𝑇𝑧〉𝐶𝑜

< 𝑇𝑥 > +< 𝑇𝑦 > +< 𝑇𝑧 >= 0

𝑚𝑇
⊥ + 2𝑚𝑇

∥

𝑚𝑇
𝜃 𝑚𝑠𝑝𝑖𝑛 𝑚𝑇

𝜃

𝑚𝑇
𝜃 = 𝑚𝑇

⊥𝑐𝑜𝑠2𝜃 + 𝑚𝑇
∥ 𝑠𝑖𝑛2𝜃

𝑚𝑠 𝑒𝑓𝑓
𝜃 = 𝑚𝑠 + 𝑚𝑇

𝜃 = (𝑚𝑠 + 𝑚𝑇
⊥)𝑐𝑜𝑠2𝜃 + (𝑚𝑠 −

𝑚𝑇
⊥

2
)𝑠𝑖𝑛2𝜃

𝑚𝑠 𝑒𝑓𝑓
𝜃 = 𝑆0𝑐𝑜𝑠2𝜃 + 𝐵𝑠𝑖𝑛2𝜃

𝑚𝑠 =
𝑆0+2𝐵

3
𝑚𝑇

Δ𝑚𝑇 = 𝑚𝑇
⊥ − 𝑚𝑇

∥ = 𝑆0 − 𝐵

〈𝑆𝑧〉 〈𝑇𝑧〉

𝐶 = 〈𝑇𝑧〉 〈𝑆𝑧〉⁄ = 0.315
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〈𝐿𝑧〉 〈𝑆𝑧〉⁄

4𝑓3 4𝐼9/2

〈𝑆𝑧〉𝑁𝑑 =
5𝑝−3𝑞

2𝑟𝑄𝑋(1+3𝐶)

4𝑓3 → 3𝑑94𝑓4

(𝐼+ − 𝐼−) (𝐼+ + 𝐼−)
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𝑚 ∝ (𝐼+ − 𝐼−) (𝐼+ + 𝐼−)⁄

7

6

5

4

3

2

T
E

Y
 (

a
rb

. 
u

n
it

s
)

840830820810800790780770760

Energy (eV)

XMCD

1.4

1.2

1.0

0.8

0.6

0.4

T
E

Y
 (

a
rb

. 
u

n
it

s
)

1030102010101000990980970960

Energy (eV)

XMCD

0.14

0.12

0.10

0.08

0.06

F
lu

o
re

s
c
e
n

c
e
 Y

ie
ld

 (
a
rb

. 
u

n
it

s
)

1030102010101000990980970960

Energy (eV)

XMCD
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𝜏𝑇𝑂𝑇 = 𝜏𝑁𝑑 + 𝜏𝐶𝑜

𝝉𝑻𝑶𝑻

𝜏𝑁𝑑 =

𝜏𝐶𝑜 =
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𝜇∗ 1  𝜆𝑥
∗⁄ 𝑘 =

𝜆𝑥 𝜆𝑒⁄

𝜃
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𝐹(𝜃) = 𝐶∗𝑐𝑜𝑠𝜃 (1 + 𝑘⁄ 𝑐𝑜𝑠𝜃) 𝐶∗ = 𝑘 + 1 𝜇𝐿
∗

𝜇∗ 𝜆𝑒

𝜇𝐿
∗ = 𝜇𝐿

𝑇

𝜇∗(𝜃)

𝜇𝐿
𝑇

𝜆𝑥 𝜆𝑒 = 𝜆𝑥 𝑘⁄

𝜆𝑥(𝐸𝑝𝑒𝑎𝑘) ≈ 1 𝜇∗(𝐸𝑒𝑑𝑔𝑒 , 0º) = 𝜆𝑥
∗(𝐸𝑝𝑒𝑎𝑘, 0º)⁄

𝑌𝑒(0º) ∝ 𝜇 𝜆𝑥 𝜆𝑒

1/𝜆𝑥 = (
1

𝜆𝑥
∗) [1 −

𝜆𝑒

𝜆𝑥
∗𝑐𝑜𝑠𝜃

]⁄

𝜆𝑒 = 𝜆𝑥 𝑘⁄

𝜆𝑥 = 𝜆𝑥
∗ (0º)

𝑘−1

𝑘

𝜆𝑒 = 𝜆𝑥
∗ (0º)

𝑘−1

𝑘2

𝜆𝑒

𝜆𝑒 𝜆𝑒

(𝜇+ + 𝜇− 𝜃

1

2
(𝜇+ + 𝜇−) ≈ 𝜇0

𝜆𝑒

𝜆𝑒

𝜇+ + 𝜇−
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𝜆𝑥 𝜆𝑒

𝜆𝑥 𝜆𝑒

𝜆𝑥(𝐿3,2)

𝜆𝑥(𝑀5,4)
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𝜆𝑥(𝐿3) ≈ 150 Å

𝜆𝑥(𝐿2) ≈ 390 Å

𝜆𝑥(𝑀5) ≈ 60 Å 𝜆𝑥(𝑀4) ≈ 200 Å

𝜆𝑥(𝑀5) = 65 Å

𝜆𝑥(𝑀5) = 57 Å

𝜆𝑒 = 45 Å
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𝜆𝑒

𝜆𝑒

𝜆𝑒

𝜆𝑒

𝜆𝑒

𝜆𝑒 𝜆𝑒

𝜆𝑒
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𝑛ℎ
𝐶𝑜 = 2.49

𝑛ℎ
𝐶𝑜

𝜆𝑒

𝑛ℎ

𝑛ℎ
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𝜆𝑒 𝜆𝑒

𝜆𝑒

𝜆𝑒

𝜆𝑒
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𝐶 = 〈𝑇𝑧〉 〈𝑆𝑧〉⁄ = 0.315
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4𝑓3 4𝐼9/2

〈𝐿𝑧〉 〈𝑆𝑧〉⁄

θ

〈𝐿𝑧〉 〈𝑆𝑧〉⁄ 〈𝑚𝑜𝑟𝑏𝑧
〉 = 〈𝐿𝑧〉 〈𝑚𝑠𝑝𝑖𝑛𝑧

〉 = 2〈𝑆𝑧〉

〈𝑚𝑜𝑟𝑏𝐶𝑜
〉/ 〈𝑚𝑠𝑝𝑖𝑛𝐶𝑜

〉

𝑚𝑜𝑟𝑏/𝑚𝑠𝑝𝑖𝑛

𝑚𝑜𝑟𝑏/𝑚𝑠𝑝𝑖𝑛
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𝑚𝑜𝑟𝑏/𝑚𝑠𝑝𝑖𝑛

θ

𝑚𝑜𝑟𝑏/𝑚𝑠𝑝𝑖𝑛

𝑚𝑜𝑟𝑏/𝑚𝑠𝑝𝑖𝑛
𝑒𝑓𝑓

𝑚𝑠𝑝𝑖𝑛
𝑒𝑓𝑓

= 𝑚𝑠𝑝𝑖𝑛 + 𝑚𝑇

𝑚𝑠𝑝𝑖𝑛
𝑒𝑓𝑓

𝑚𝑠𝑝𝑖𝑛
𝑒𝑓𝑓

(𝜃) = 𝑆0𝑐𝑜𝑠2𝜃 + 𝐵𝑠𝑖𝑛2𝜃

𝑚𝑇

𝑚𝑠 =
𝑆0+2𝐵

3

Δ𝑚𝑇 = 𝑚𝑇
⊥ − 𝑚𝑇

∥ = 𝑆0 − 𝐵

|∆𝑚𝑇 | ≤ 0.06𝑚𝑠 〈𝑇𝑧〉

〈𝑆𝑧〉 𝑚𝑇
⊥ ≤ 𝑚𝑇

∥
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(𝑚𝑇
⊥ − 𝑚𝑇

∥ )/𝑚𝑠𝑝𝑖𝑛
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

 ≈0
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〈𝐿𝑧〉 〈𝑆𝑧〉⁄ /〈𝑇𝑧〉

〈𝐿𝑧〉 〈𝑆𝑧〉⁄

〈𝐿𝑧〉 〈𝑆𝑧〉⁄

|< 𝑚𝑜𝑟𝑏 >/< 𝑚𝑠𝑝𝑖𝑛 >|

〈𝐿𝑧〉 〈𝑆𝑧〉⁄

〈𝐿𝑧〉 〈𝑆𝑧〉⁄

|〈𝐿𝑧〉 〈𝑆𝑧〉⁄ |
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〈𝑇𝑧〉 〈𝐿𝑧〉 〈𝑆𝑧〉⁄ 〈𝑇𝑧〉 〈𝑆𝑧〉⁄

〈𝑇𝑧〉 〈𝑆𝑧〉⁄

〈𝑇𝑧〉 〈𝑆𝑧〉⁄ < 2%


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〈𝐿𝑧〉 〈𝑆𝑧〉⁄

 
 

1.0

0.5

0.0

-0.5

-1.0

N
o
rm

a
li
z
e
d

 X
M

C
D

 

-0.2 -0.1 0.0 0.1 0.2

H (T)

1.0

0.5

0.0

-0.5

-1.0

N
o
rm

a
li
z
e
d

 X
M

C
D

 

-4 -2 0 2 4

H (T)
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〈𝑚𝑡𝑜𝑡〉 =

〈𝑚𝑜𝑟𝑏〉 + 〈𝑚𝑠𝑝𝑖𝑛〉 〈𝑚𝑡𝑜𝑡〉𝑁𝑑

 〈𝑚𝑡𝑜𝑡〉𝐶𝑜

〈𝐿𝑧〉 〈𝑆𝑧〉⁄

〈𝑚〉𝑁𝑑

〈𝐿𝑧〉 〈𝑆𝑧〉⁄




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〈𝑚〉𝑁𝑑

〈𝑚〉𝑁𝑑

𝑐𝑜𝑠𝜃 = √
〈𝑀𝐽

2〉

〈𝑀𝐽
2〉𝑚𝑎𝑥

〈𝑀𝐽
2〉 〈𝑀𝐽〉

〈𝑀𝐽
2〉 = 𝐽(𝐽 + 1) + 〈𝑀𝐽〉coth (1/2𝜗)

𝜗 = 𝑘𝐵𝑇/𝜇𝐵𝑔𝐽𝐻

𝑔𝐽

〈𝑀𝐽
2〉𝑚𝑎𝑥 〈𝑀𝐽

2〉 〈𝑀𝐽〉 = 〈𝑀𝐽〉𝑚𝑎𝑥 = 𝐽

〈𝑚〉𝑁𝑑

𝜃⊥ = 49.6º 𝜃∥ = 51º 𝜃⊥ = 36º

𝜃∥ = 38º

𝜃 = 35º 

〈𝐿𝑧〉 〈𝑆𝑧〉⁄

〈𝑀𝐽〉𝑚𝑎𝑥 〈𝑀𝐽〉𝑚𝑎𝑥

〈𝑀𝐽〉𝑚𝑎𝑥 = (
〈𝐿𝑧〉

〈𝑆𝑧〉
+ 1) 𝑆𝑍𝑚𝑎𝑥

                                                           
1
  

≈ 𝜇𝐵  
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𝑆𝑍𝑚𝑎𝑥
= 1.2

〈𝜇𝑗〉

〈𝜇𝑗〉 = 〈𝜇𝑙〉 + 〈𝜇𝑠〉 = 〈𝐿𝑧〉 + 2〈𝑆𝑧〉 〈𝜇𝑗〉 = 𝑔𝐽〈𝐽𝑧〉 ≅ 𝑔𝐽(〈𝐿𝑧〉 + 〈𝑆𝑧〉.

〈𝜇𝑗〉

𝑔𝐽
𝑒𝑓𝑓 =

〈𝐿𝑧〉+2〈𝑆𝑧〉

〈𝐿𝑧〉+〈𝑆𝑧〉

𝑔𝐽
𝑒𝑓𝑓

〈𝑚𝑡𝑜𝑡〉𝑁𝑑 〈𝑚𝑡𝑜𝑡〉𝐶𝑜
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−
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 𝐻𝑒𝑓𝑓 =  𝐻𝑒𝑥𝑡 + 𝐻𝑁𝑑−𝐶𝑜 − 𝐻𝐶𝐹

𝑀𝑁𝑑(0) = 𝑔𝐽𝜇𝐵𝐽0

𝑀𝑁𝑑(𝑇) = 𝑔𝐽𝜇𝐵𝐽0 · 𝐵𝐽(𝑔𝐽𝜇𝐵𝐽𝐻𝑒𝑓𝑓/𝑘𝐵𝑇)

𝐻𝐶𝐹 = 𝐶 (
𝑀𝑁𝑑(𝑇)

𝑀𝑁𝑑(0)
)

2

𝑀𝑁𝑑(𝑇) = 𝑔𝐽𝜇𝐵𝐽0 ·

𝐵𝐽 (𝑔𝐽𝜇𝐵𝐽(𝐻𝑒𝑥𝑡 + 𝐻𝑁𝑑−𝐶𝑜 − 𝐶 (
𝑀𝑁𝑑(𝑇)

𝑀𝑁𝑑(0)
)

2
)/𝑘𝐵𝑇)

−
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≈

−

〈𝐿𝑧〉 〈𝑆𝑧〉⁄
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𝑀𝑁𝑑

                                                           
2
 𝐻𝐶𝐹 = 𝐶 (

𝑀𝑁𝑑(𝑇)

𝑀𝑁𝑑(0)
)

2

𝐻𝐶𝐹 = 𝐶′𝑀𝑁𝑑
2

𝐶 = 𝐶′𝑀𝑁𝑑(0)2 𝑀𝑁𝑑(0)
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ͦ

 

http://henke.lbl.gov/optical_constants/


 

137 
 

http://dx.doi.org/10.1063/1.2163622
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http://adsabs.harvard.edu/cgi-bin/author_form?author=Miletic,+G&fullauthor=Mileti%c4%87,%20G.%20I.&charset=UTF-8&db_key=PHY
http://www.sciencedirect.com/science/article/pii/0304885392910607
http://www.sciencedirect.com/science/article/pii/0304885392910607
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 
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θ
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Q = K𝑁/2πM𝑆
2

𝑚𝑟 =
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𝑀𝑟 𝑀𝑠⁄
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⊥
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153 
 

 

⊥
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 MNd 
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𝜇̅𝐶𝑜 = 1.9 𝜇𝐵

1.5 − 1.7 𝜇𝐵

𝜇𝐶𝑜
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𝜑0

<𝜇𝑁𝑑
𝑧 >

𝜇𝑎𝑡 𝑁𝑑
=

1+𝐶𝑂𝑆𝜑0

2
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𝑄𝑀𝑡𝑜𝑡(NdCo𝑥) =
𝑥+𝑄𝑀𝑁𝑑·𝑄𝑁𝑑𝐶𝑜

𝑥+𝑄𝑁𝑑𝐶𝑜

𝑄𝑀𝑡𝑜𝑡(NdCo𝑥) =
𝑀𝑠

𝐴𝑆(𝑒𝑚𝑢/𝑐𝑐)𝜌𝐶𝑟𝑖𝑠𝑡

𝑀𝑠
𝐶𝑟𝑖𝑠𝑡(𝑒𝑚𝑢/𝑐𝑐)𝜌𝐴𝑆

𝜌𝐶𝑟𝑖𝑠𝑡 𝜌𝐶𝑟𝑖𝑠𝑡 𝑄𝑀𝑁𝑑 =
<𝜇𝑁𝑑

𝑧 >

𝜇𝑎𝑡 𝑁𝑑
=

1+𝐶𝑂𝑆𝜑0

2

𝑄𝑁𝑑𝐶𝑜 =
𝜇𝑎𝑡 𝑁𝑑

𝜇𝑎𝑡 𝐶𝑜

1+𝐶𝑂𝑆𝜑0

2
=

𝑀𝑠
𝐴𝑆(𝑒𝑚𝑢/𝑐𝑐)𝜌𝐶𝑟𝑖𝑠𝑡

𝑀𝑠
𝐶𝑟𝑖𝑠𝑡(𝑒𝑚𝑢/𝑐𝑐)𝜌𝐴𝑆

(1 +
𝑥

𝑄𝑁𝑑𝐶𝑜
) −

𝑥

𝑄𝑁𝑑𝐶𝑜

𝜇𝐵

                                                           
1
 

2.82 𝜇𝐵

2.14 1.77 𝜇𝐵

𝜇𝐵
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𝜇𝐶𝑜 = 1.72 − 1.86(
𝑥𝑁𝑑

𝑥𝐶𝑜
)1.5)

𝐴1/𝜌1 = 𝐴2/𝜌2 𝐴𝑖 𝜌𝑖

𝜌 = 𝑓𝑁𝑑𝜌𝑁𝑑 + 𝑓𝐶𝑜𝜌𝐶𝑜 =
𝑚𝑁𝑑+𝑚𝐶𝑜

𝑉𝑁𝑑+𝑉𝐶𝑜

𝑓𝑖 𝜌𝑖 𝑚𝑖 𝑉𝑖

𝜌(𝑁𝑑𝑥𝐶𝑜1−𝑥) = 𝜌𝐶𝑜
[1−(1−𝐴𝑁𝑑/𝐴𝐶𝑜)𝑥]

[1−(1−𝐴𝑁𝑑𝜌𝐶𝑜/𝐴𝐶𝑜𝜌𝑁𝑑)𝑥]

𝜑0~60º



                                                           
2

𝜇𝐶𝑜 > 1.72 𝜇𝐵  
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3
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𝜌(𝑁𝑑𝑥𝐶𝑜1−𝑥) = 𝑥𝜌𝑁𝑑+(1 − 𝑥)𝜌𝐶𝑜

𝜑0

𝜇𝐶𝑜 = 1.50 𝜇𝐵

𝜇𝐵 𝜇𝑁𝑑 = 2.3 −

2.8 𝜇𝐵 𝜑0

𝜑0~60º

𝜑0
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𝐵 =
𝜉(3/2)𝑔𝜇𝐵

𝑀(0)
(

𝐾𝐵

4𝜋𝐷
)
3/2

 𝜉 (
3

2
) = 2.613 𝜇𝐵

𝐾𝐵 𝑀(0)
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𝑔 ≅ 2,145

𝑔 = 8/11
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≈ 

𝐾𝑁 =
1

2
𝐻𝐾𝑀𝑆 =

1

2
(𝐻𝑆 + 𝐻𝐷)𝑀𝑆

𝐻𝐷 = 4𝜋𝑀𝑆

𝐻𝐷

𝐻𝐷

𝐾𝑁 ≈
1

2
𝐻𝑆𝑀𝑆
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
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𝛿 = 𝜋√
𝐴

𝐾



𝐸𝑡𝑜𝑡 = ∫ ∫ {𝐴[𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑚⃗⃗ )]2 − 𝐻⃗⃗ 𝑒𝑥𝑡 · 𝑀⃗⃗ −
1

2
𝐻⃗⃗ 𝐷 · 𝑀⃗⃗ + 𝐸𝐾}  𝑑𝑥 𝑑𝑧
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𝜆
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𝐸𝐾 = 𝐾1𝑐𝑜𝑠
2𝜃

𝜃

𝐸𝐾 = 𝐾1𝑐𝑜𝑠
2𝜃


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𝐸𝐾 = 𝐾1𝑐𝑜𝑠
2𝜃

𝐾1𝑐𝑜𝑠
2𝜃 𝐾2𝑐𝑜𝑠

4𝜃
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𝐸𝐾 = 𝐾1𝑐𝑜𝑠
2𝜃 + 𝐾2𝑐𝑜𝑠

4𝜃



 ≈



 




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Q = K𝑁/2πM𝑆
2

Q = K𝑁/2πM𝑆
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𝐾(𝑇) = 𝐾(0) (
𝑀𝑠(𝑇)

𝑀𝑠(0)
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𝑛

𝐾1 ≅ −
3

2
𝜃2𝐽

2𝐴20𝐵𝐽
2(𝑥)
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𝐷(𝐴𝑆36)

𝐷(𝐴𝑆46)
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𝑥 = 2𝐽𝑧′|𝑔𝐽 − 1|𝜇𝐵𝐵𝑒𝑥𝑐ℎ/𝑘𝑇
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Δ𝜇0(𝐸0) 𝜇(𝐸)

𝑘
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𝜒(𝑘)

𝑘 𝑘
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𝑅𝐶𝑜
3 = 𝑅𝐶𝑜⊥ · 𝑅𝐶𝑜∥
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

 


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(𝐼+ + 𝐼− + 𝐼0) ≅
3

2
(𝐼+ + 𝐼−)
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 

〈𝑇𝑧〉 〈𝑆𝑧〉⁄
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〈𝐿𝑧〉 〈𝑆𝑧〉⁄
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〈𝐿𝑧〉 〈𝑆𝑧〉⁄ 〈𝐿𝑧〉

 〈𝐿𝑧〉 〈𝑆𝑧〉⁄
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 
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θ

 θ

 𝜃⊥ < 𝜃∥.
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 

 

 

𝐸𝐾 = 𝐾1𝑠𝑒𝑛2𝜃 +

𝐾2𝑠𝑒𝑛4𝜃
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𝜑0
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 𝑄 = 𝐾𝑁/2𝜋𝑀𝑆
2

≳ 2
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 𝐾𝑁

𝐾𝑁
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2𝜋𝑀𝑆
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 

 

 𝑅𝐶𝑜
3 = 𝑅𝐶𝑜⊥ · 𝑅𝐶𝑜∥

2
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