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𝑇𝑐 ∼ 100 𝐾
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𝜀



 





𝑑0 × 𝑑𝑛≠0

𝑑0 ≠

𝑑𝑛≠0

𝐴(𝐵1
2

′𝐵1
2

′′)𝑂3

𝑃𝑏(𝐹𝑒1
2
𝑁𝑏1

2
)𝑂3

𝐴2𝐵
′𝐵′′𝑂6







 

 

Å

2𝑑𝑠𝑒𝑛𝜃 θ



𝑛𝜆 = 2𝑑𝑠𝑒𝑛𝜃



𝐾⃗⃗ = 2𝜋𝑛̂/𝜆

λ

𝐾′⃗⃗⃗⃗ = 2𝜋𝑛̂′/𝜆

𝑑 𝑐𝑜𝑠 𝜃 + 𝑑 𝑐𝑜𝑠 𝜃′ = 𝑑 ∙ (𝑛̂ − 𝑛̂′)

𝑑 ∙ (𝑛̂ − 𝑛̂′) = 𝑚𝜆     𝑜𝑢      𝑑⃗⃗⃗  ∙ (𝑘⃗ − 𝑘′⃗⃗⃗  ) = 2𝜋𝑚 

𝑅⃗ 

𝑅⃗ ∙ (𝑘⃗ − 𝑘′⃗⃗⃗  ) = 2𝜋𝑚

𝐾⃗⃗ = 𝑘′⃗⃗  ⃗ − 𝑘⃗ 



𝑘⃗ 𝑘′⃗⃗  ⃗ 𝜃

𝐾⃗⃗ 

𝐾⃗⃗ 𝜃

 

𝑃⃗ = 𝛼𝐸⃗ 

𝛼



𝛼 = 𝛼0 + (
𝑑𝛼

𝑑𝑞
)
0

𝑞 + ⋯

𝑃⃗ = 𝛼0𝐸⃗ 0 𝑐𝑜𝑠(2𝜋𝑣0𝑡) +
1

2
(
𝑑𝛼

𝑑𝑞
)
0

𝑞0𝐸⃗ 0 {
𝑐𝑜𝑠[2𝜋(𝑣0 + 𝑣𝑣)𝑡]

+ 𝑐𝑜𝑠[2𝜋(𝑣0 − 𝑣𝑣)𝑡]
}

𝑞 = 𝑞0 𝑐𝑜𝑠(2𝜋𝑣𝑣𝑡) 𝐸⃗ = 𝐸⃗ 0 𝑐𝑜𝑠(2𝜋𝑣𝑣𝑡) 𝑣𝑣

𝑣0

α0E⃗⃗ 0 cos(2π𝑣0t)

1

2
(
dα

dq
)

0

q0E⃗⃗ 0 cos[2π(𝑣0 + 𝑣v)t]

1

2
(
dα

dq
)

0

q0E⃗⃗ 0 cos[2π(𝑣0 − 𝑣v)t]

(
𝒅𝜶

𝒅𝒒
) 

(
𝑑𝛼

𝑑𝑞
)
0
≠ 0

𝑃⃗ 𝑚𝑛 = 𝐸⃗ ∙ (𝛼𝑖𝑗)𝑚𝑛

(𝜶𝒊𝒋)𝒎𝒏



(𝛼𝑖𝑗)𝑚𝑛
= ∫𝜓𝑚 𝛼𝑖𝑗𝜓𝑛𝑑𝜏

(𝛼𝑖𝑗)𝑚𝑛
= (𝛼𝑖𝑗)0

∫𝜓𝑚 𝜓𝑛𝑑𝜏 + (
𝑑𝛼𝑖𝑗

𝑑𝑞
)
0
∫𝜓𝑚 𝑞𝜓𝑛𝑑𝜏

(
𝑑𝛼𝑖𝑗

𝑑𝑞
)
0
≠ 0

∫𝜓𝑚 𝑞𝜓𝑛𝑑𝜏 ≠ 0

∆v = ±1



𝐼𝑚𝑛 = (
16𝜋2

9𝑐4 ) 𝐼0𝑣
4 ∑ ∑ |(𝛼𝑖𝑗)𝑚𝑛

|
2

𝑗𝑖

𝐼𝐴

𝐼𝑆
= (

𝑣0+𝑣𝑉

𝑣0−𝑣𝑉
)
4
𝑒𝑥𝑝 (−

𝑒𝑉

𝑘𝑇
)



 

𝜀





𝑀 = 𝜒𝐻 ∴  𝜒 =
𝑀

𝐻

χ

𝜒𝑃

 𝜒𝑃 =
𝐶

𝑇

𝐻𝑀𝑜𝑙

𝐻𝑀𝑜𝑙 = 𝜆 𝑀 ∴  𝜆 =
𝐻𝑀𝑜𝑙

𝐻

λ

𝑀 = 𝜒𝑃 (𝐻𝐸𝑥𝑡 + 𝐻𝐼𝑛𝑡)  ∴  𝑀 = 𝜒𝑃 (𝐻𝐸𝑥𝑡 + 𝜆𝑀)

 𝜒𝑃 = 𝐶 𝑇⁄

𝑀𝑇 = 𝐶 (𝐻𝐸𝑥𝑡 + 𝜆𝑀)  ∴  𝜒 =
𝐶

(𝑇−𝜆𝐶)

χ 𝑇 = 𝜆𝐶 χ

𝑇𝐶 = 𝜆𝐶 𝑇𝐶

𝑇 > 𝑇𝐶



𝜒 =
𝐶

𝑇−𝑇𝐶

𝜒 =
𝐶

𝑇−𝑇𝑁

𝑇𝑁

𝜒−1



𝜒−1



 

 

𝑃𝑚3̅𝑚 𝑂ℎ
1

𝑃𝑚3̅𝑚

𝑃𝑚3̅𝑚

𝑚3𝑚

𝑚3𝑚

4/𝑚𝑚𝑚





𝑡 =
1

√2

(𝑅𝐴+𝑅𝑋)

(𝑅𝐵+𝑅𝑋)
23



DA−X−A = √2a = 2(R𝐴 + R𝑋)

DB−X−B =  a = 2(R𝐵 + R𝑋)





 

𝐴𝑦
′ 𝐴1−𝑦

′′ 𝐵𝑥
′𝐵1−𝑥

′′ 𝑋



𝑦 = 0

𝑥 = 1 2⁄ 𝐴𝑦
′ 𝐴1−𝑦

′′ 𝐵𝑥
′𝐵1−𝑥

′′ 𝑋 𝐴𝐵1
2

′𝐵1
2

"𝑋



𝐴𝐵1
2

′𝐵1
2

"𝑋 𝐴2+,3+𝐵1
2

′𝐵1
2

"𝑂3

𝐴2𝐵
′𝐵′′𝑂6

𝐴2𝐵
′𝐵′′𝑂6 



𝐹𝑚3̅𝑚 𝑂ℎ
5 𝐶2ℎ

5



𝑎0𝑎0𝑎0 𝑎−𝑎−𝑐+

𝑎+𝑏+𝑐+ 𝐼𝑚𝑚𝑚 𝑃𝑛𝑛𝑛

𝑎+𝑏+𝑏+ 𝐼𝑚𝑚𝑚 𝑃𝑛𝑛𝑛

𝑎+𝑎+𝑎+ 𝐼𝑚3̅ 𝑃𝑛3̅

𝑎+𝑏+𝑐− 𝑃𝑚𝑚𝑛 𝑃2/𝑐

𝑎+𝑎+𝑐− 𝑃42 𝑛𝑚𝑐⁄ 𝑃42 𝑛⁄

𝑎+𝑏+𝑏− 𝑃𝑚𝑚𝑛 𝑃2/𝑐

𝑎+𝑎+𝑎− 𝑃42 𝑛𝑚𝑐⁄ 𝑃42 𝑛⁄

𝑎+𝑏−𝑐− 𝑃21 𝑚⁄ 𝑃1

𝑎+𝑎−𝑐− 𝑃21 𝑚⁄ 𝑃1

𝑎+𝑏−𝑏− 𝑃𝑛𝑚𝑎 𝑃21/𝑛

𝑎+𝑎−𝑎− 𝑃𝑛𝑚𝑎 𝑃21/𝑛

𝑎−𝑏−𝑐− 𝐹1̅ 𝐹1̅

𝑎+𝑏−𝑏− 𝐼 2 𝑎⁄ 𝐹1̅

𝑎−𝑎−𝑎− 𝑅3̅𝑐 𝑅3̅

𝑎𝑜𝑏+𝑐+ 𝐼𝑚𝑚𝑚 𝑃𝑛𝑛𝑛

𝑎𝑜𝑏+𝑏+ 𝐼4 𝑚𝑚𝑚⁄ 𝑃42 𝑛𝑛𝑚⁄

𝑎𝑜𝑏+𝑐− 𝐶𝑚𝑐𝑚 𝐶2/𝑐

𝑎𝑜𝑏+𝑏− 𝐶𝑚𝑐𝑚 𝐶2/𝑐

𝑎𝑜𝑏−𝑐− 𝐼2 𝑚⁄ 𝐼1

𝑎𝑜𝑏−𝑏− 𝐼𝑚𝑚𝑎 𝐼2/𝑚

𝑎𝑜𝑎𝑜𝑐+ 𝑃4 𝑚𝑏𝑚⁄ 𝑃4 𝑚𝑛𝑐⁄

𝑎𝑜𝑎𝑜𝑐− 𝐼4 𝑚𝑐𝑚⁄ 𝐼4 𝑚⁄

𝑎𝑜𝑎𝑜𝑎𝑜 𝑃𝑚3̅𝑚 𝐹𝑚3̅𝑚



𝑡 =
1

√2
[

𝑅𝐴+ 𝑅𝑋

(
𝑅
𝐵′+ 𝑅

𝐵′′
2

) + 𝑅𝑋

]

𝐹𝑚3̅𝑚

𝑂ℎ
5



 

 



𝐶2ℎ
5

𝐷2ℎ
16









3𝑑𝑧2 3𝑑𝑥2−𝑦2

2𝑝𝑧

𝐵𝑖3+ 𝐵𝑖3+𝐹𝑒3+𝑂3
2−



𝑇𝑏𝑀𝑛2𝑂5 𝐶𝑎3𝐶𝑜𝑀𝑛𝑂6

𝑌𝑀𝑛𝑂3

𝑀𝑛𝑂5

𝑀𝑛𝑂5

𝑑𝑛≠0

≠



 

(
𝑑𝛼

𝑑𝑞
)
0
≠ 0

𝛤𝑅𝑎𝑚𝑎𝑛

𝛤𝐼𝑛𝑓𝑟𝑎𝑣𝑒𝑟𝑚𝑒𝑙ℎ𝑜 𝛤𝐴𝑐ú𝑠𝑡𝑖𝑐𝑜

𝐶2ℎ
5

𝑪𝟐𝒉
𝟓

3𝐴𝑔 ⊕ 3𝐴𝑢 ⊕ 3𝐵𝑔 ⊕ 3𝐵𝑢

3𝐴𝑢 ⊕ 3𝐵𝑢

3𝐴𝑢 ⊕ 3𝐵𝑢

3𝐴𝑔 ⊕ 3𝐴𝑢 ⊕ 3𝐵𝑔 ⊕ 3𝐵𝑢

3𝐴𝑔 ⊕ 3𝐴𝑢 ⊕ 3𝐵𝑔 ⊕ 3𝐵𝑢

3𝐴𝑔 ⊕ 3𝐴𝑢 ⊕ 3𝐵𝑔 ⊕ 3𝐵𝑢

Γ𝑇𝑜𝑡𝑎𝑙 = 12𝐴𝑔 ⊕ 18𝐴𝑢 ⊕ 12𝐵𝑔 ⊕ 18𝐵𝑢

Γ𝑅𝑎𝑚𝑎𝑛 = 𝟏𝟐𝑨𝒈 ⊕ 𝟏𝟐𝑩𝒈

Γ𝐼𝑛𝑓𝑟𝑎𝑣𝑒𝑟𝑚𝑒𝑙ℎ𝑜 = 17𝐴𝑢 ⊕ 16𝐵𝑢

Γ𝐴𝑐ú𝑠𝑡𝑖𝑐𝑜 = 𝐴𝑢 ⊕ 2𝐵𝑢



 Γ = 12𝐴𝑔 ⊕ 12𝐵𝑔

𝐶2ℎ
5



𝜈1(𝐴1𝑔) 𝜈2(𝐸𝑔) 𝜈3(𝐹1𝑢) 𝜈4(𝐹1𝑢)

𝜈5(𝐹2𝑔) 𝜈6(𝐹2𝑢) 𝐵𝑂6



𝜈1

𝐹𝑚3̅𝑚 𝑂ℎ 𝑃𝑛3̅ 𝐶2/𝑐 𝑃21/𝑛



𝜈1

𝑅3̅ 𝐼4/𝑚 𝐶2/𝑚 𝑃1̅ 𝑃4/𝑚𝑛𝑐

𝐹𝑚3̅𝑚 𝐶ℎ
5 𝑃21/𝑛

𝐶2ℎ
5

𝑭𝒎𝟑̅𝒎 𝑷𝟐𝟏/𝒏

𝐹2𝑔 ⊕ 2𝐹1𝑢 3𝐴𝑔 ⊕ 8𝐴𝑢 ⊕ 3𝐵𝑔 ⊕ 7𝐵𝑢

𝐹1𝑔 3𝐴𝑔 ⊕ 3𝐵𝑔

𝜈1 𝐴1𝑔 𝐴𝑔 ⊕ 𝐵𝑔

𝜈2 𝐸𝑔 2𝐴𝑔 ⊕ 2𝐵𝑔

𝜈3 𝐹1𝑢 3𝐴𝑢 ⊕ 3𝐵𝑢

𝜈4 𝐹1𝑢 3𝐴𝑢 ⊕ 3𝐵𝑢

𝜈5 𝐹2𝑔 3𝐴𝑔 ⊕ 3𝐵𝑔

𝜈6 𝐹2𝑢 3𝐴𝑢 ⊕ 3𝐵𝑢





7𝐴𝑔 ⊕ 7𝐵1𝑔 ⊕

5𝐵2𝑔 ⊕ 5𝐵3𝑔 𝑃𝑛𝑚𝑎 𝐷2ℎ
16

 











 

 







 

α

𝐶2ℎ
5

𝐷2ℎ
16











β

〈𝑁𝑖—𝑂〉

〈𝑀𝑛—𝑂〉

〈𝑁𝑖—𝑂—𝑀𝑛〉

χ







 





𝑇𝐶,

 









𝜈1

𝜈2

𝐴𝑔 𝐵𝑔

𝑃21/𝑛 𝐶2ℎ
5

𝐴𝑔

𝐵𝑔



𝐴𝑔

𝐵𝑔

𝐴𝑔

𝐵𝑔

𝐴𝑔

𝐵𝑔

𝐴𝑔

𝐵𝑔

𝐴𝑔

𝐵𝑔

𝐴𝑔









𝑇𝑐 ∼ 100 𝐾





ω

𝜔 = 𝜔0 + ∆(𝑇)

∆(𝑇) 𝜔0

∆(𝑇) = 𝐶 (1 +
2

𝑒𝑥−1
) + 𝐷 [1 +

3

𝑒𝑦−1
+

3

(𝑒𝑦−1)2
]

𝑥 = ℏ𝜔0 2𝑘𝐵𝑇⁄ 𝑦 = ℏ𝜔0 3𝑘𝐵𝑇⁄





∆𝑤𝛼(𝑇) = 𝑤𝛼(𝑇) − 𝑤𝛼(𝑇0)

(∆𝑤𝛼)𝑟𝑒𝑑𝑒

(∆𝑤𝛼)𝑎𝑛𝑎𝑟

(∆𝑤𝛼)𝑟𝑒𝑛𝑜 (∆𝑤𝛼)𝑠−𝑓

∆𝑤𝛼(𝑇) = (∆𝑤𝛼)𝑟𝑒𝑑𝑒 + (∆𝑤𝛼)𝑎𝑛𝑎𝑟 + (∆𝑤𝛼)𝑟𝑒𝑛𝑜 + (∆𝑤𝛼)𝑠−𝑓

𝐻𝑠𝑝𝑖𝑛 ≈ −∑ 𝐽𝑖𝑗𝑖,𝑗 〈𝑆 𝑖 ∙ 𝑆 𝑗〉



𝐽𝑖𝑗 𝑗 > 𝑖 〈𝑆 𝑖 ∙ 𝑆 𝑗〉

𝐽𝑖𝑗

∆𝐽𝑖𝑗(𝑢⃗ 𝑘(𝑡)) = [𝑢⃗ 𝑘
0 ∙ 𝛻⃗ 𝑘] 𝐽𝑖𝑗 +

1

2
[𝑢⃗ 𝑘

0 ∙ 𝛻⃗ 𝑘]
2
𝐽𝑖𝑗 +

1

2
[𝑢⃗ 𝑘(𝑡) ∙ 𝛻⃗ 𝑘]

2
𝐽𝑖𝑗 …

𝑢⃗ 𝑘(𝑡)

𝑢⃗ 𝑘
0

∆𝐽𝑖𝑗(𝑡) =
1

2
∑ [𝑢⃗ 𝑘 ∙ 𝛻⃗ 𝑘]

2

𝑘 𝐽𝑖𝑗

𝐻𝑠𝑝𝑖𝑛

∆𝐻𝑠−𝑓 = −
1

2
(∑ 𝑢⃗ 𝑘𝑘 (𝑡)𝐷⃗⃗ 𝑘

𝑠𝑝𝑖𝑛
𝑢⃗ 𝑘(𝑡))

𝐷⃗⃗ 𝑘
𝑠𝑝𝑖𝑛

𝐽𝑖𝑗

(𝐷⃗⃗ 𝑘
𝑠𝑝𝑖𝑛

)
𝑙,𝑚

= −∑
𝜕2𝐽𝑖𝑗

𝜕(𝑢𝑘)𝑙𝜕(𝑢𝑘)𝑚
𝑖,𝑗 〈𝑆 𝑖 ∙ 𝑆 𝑗〉

𝑗 > 𝑖 ∆𝐻𝑠−𝑓



𝑈𝑒𝑙𝑎𝑠𝑡 =
1

2
∑ 𝑢⃗ 𝑘𝑘 (𝑡)𝐷⃗⃗ 𝑘,𝑘′

𝑒𝑙𝑎𝑠𝑡𝑢⃗ 𝑘′(𝑡)

𝐷⃗⃗ 𝑘,𝑘′
𝑒𝑙𝑎𝑠𝑡

𝑈ℎ𝑎𝑟𝑚 = 𝑈𝑒𝑙𝑎𝑠𝑡 + ∆𝐻𝑠−𝑓

𝐷⃗⃗ 𝑘
𝑠𝑝𝑖𝑛 〈𝑆 𝑖 ∙ 𝑆 𝑗〉, 

∆𝐻𝑠−𝑓

𝜔𝛼
2 =

1

𝑀𝑘
(𝜀𝛼̂𝐷⃗⃗ 𝑘

𝑒𝑙𝑎𝑠𝑡𝜀𝛼̂ + 𝜀𝛼̂𝐷⃗⃗ 𝑘
𝑠𝑝𝑖𝑛

𝜀𝛼̂)

𝛼 𝜀𝛼̂ ∙ 𝜀𝛼̂ = 1

𝛼

∆𝜔𝛼
𝑠−𝑓

=
1

2𝑀𝑘𝜔𝛼
𝜀𝛼̂𝐷⃗⃗ 𝑘

𝑠𝑝𝑖𝑛
𝜀𝛼̂



〈𝑆 𝑖 ∙ 𝑆 𝑗〉

∆𝜔(𝑇) = 𝜔𝑠(𝑇) −  𝜔(𝑇0) ∝
𝑀(𝑇)2

𝑀𝑀á𝑥𝑖𝑚𝑜
2



∆𝜔(𝑇)

𝑀(𝑇)2 𝑀𝑀á𝑥𝑖𝑚𝑜
2⁄

𝑀(𝑇)2 𝑀𝑀á𝑥𝑖𝑚𝑜
2⁄



𝑅𝐼𝑇𝑏 <

𝑅𝐼𝑃𝑟 < 𝑅𝐼𝐿𝑎

𝑅𝐼𝑌 < 𝑅𝐼𝑇𝑏

𝑅𝐼𝐺𝑑 < 𝑅𝐼𝑁𝑑

ω



∆𝜔𝑚á𝑥

ω



 

𝑃21/𝑛

𝐶2ℎ
5
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