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3

4

La2−xSrxCuO4 Kitaev

Na2IrO3

[1, 2, 3, 4]

,

, , ” ”

, 1969

2

1 La2−xSrxCuO4

La2−xSrxCuO4

1

CuO6

Cu La

Sr 2

La3+ Sr2+ O2−

Cu O

2-3

La2−xSrxCuO4

Cu(2+x)+ x = 0

Cu2+ : (3d)9

3d

2.1

Cu2+

Cu2+

O2−

3d 5
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Oh

t2g

T2g eg

Eg T2g 3 3
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g gerade

g

Oh = O × Ci Ci

O

R32(r) =
4

81
√
30

(
Z

a0
)3/2ρ2e−

ρ
3 (1)

ρ = Z
a0
r a0 Bohr

ϕξ =

√
15

4π

yz

r2
R32(r),

ϕη =

√
15

4π

zx

r2
R32(r),

ϕζ =

√
15

4π

xy

r2
R32(r),

ϕu =

√
5

16π

3z2 − r2

r2
R32(r),

ϕv =

√
15

16π

x2 − y 2

r2
R32(r)

(ϕξ, ϕη, ϕζ) t2

(ϕu, ϕv) e

(yz, zx, xy, 3z2 − r2, x2 − y2)

V (�r) =

6∑
i=1

Ze2

|�r − �Ri|
(2)

T2 E

2 La2−xSrxCuO4

Cu 3d

t2 O2−

e O2−

La2−xSrxCuO4 Jahn-Teller

2 CuO2

D4

T2 2

E ϕξ, ϕη B2

ϕζ E B1

ϕu A1 ϕv

2

Cu2+ 9 3d

2

1

ϕv

2

Fermi ϕv

ϕv (x2 − y2) *1

*1 e

2

(t2)6(e3g) 4 U ′

2
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3 Cu(1)-O-Cu(2)

2.2

Cu2+

Cu

CuO6

Cu

3 Cu(1)-O-Cu(2)

Cu(1) 3d

Cu(2) O 2p

3d

x2 − y2 3( )

O 2px

3( )

O py

3d O

2p

Slater-Koster 1 [2, 4]

t(x, x2 − y2) =

√
3

2
l(l2 −m2)(pdσ)

+ l(1− l2 +m2)(pdπ)

(l,m, n) = (1, 0, 0)

t(x2−y2, x) =
√
3
2
(pdσ)

4 Slater-Koster (pdσ) (pdπ)

(pdσ), (pdπ)

4 O

Cu(1) Cu(2)

d-p

Ht,1-2 =

√
3

2
(pdσ)(d†1σpσ + p†σd2σ) + Δp†σpσ + h.c.

= Δ(p†σ +

√
3

2

(pdσ)

Δ
d†1σ)(pσ +

√
3

2

(pdσ)

Δ
d2σ)

− 3

4

(pdσ)2

Δ
d†1σd2σ + h.c.

O 2p

Ht,1-2 = −3

4

(pdσ)2

Δ
(d†1σd2σ + d†2σd1σ)

= −t(d†1σd2σ + d†2σd1σ)

Δ 3d

2p t = 3
4

(pdσ)2

Δ

2.3 Hubbard Heisenberg

2

H = −t
∑
i,j

∑
σ=↑,↓

c†iσcjσ + U
∑
i

ni↑ni↓ (3)

c†iσ, cjσ σ

i
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1 Slater-Koster l,m, n [2, 4]

t(x, xy) =
√
3l2m(pdσ) +m(1− 2l2)(pdπ)

t(x, yz) =
√
3lmn(pdσ)− 2lmn(pdπ)

t(x, zx) =
√
3l2n(pdσ) + n(1− 2l2)(pdπ)

t(x, x2 − y2) =
√
3
2 l(l2 −m2)(pdσ) + l(1− l2 +m2)(pdπ)

t(y, x2 − y2) =
√
3
2 m(l2 −m2)(pdσ)−m(1 + l2 −m2)(pdπ)

t(z, x2 − y2) =
√
3
2 n(l2 −m2)(pdσ)− n(l2 −m2)(pdπ)

t(x, 3z2 − r2) = l(n2 − 1
2 (l

2 +m2))(pdσ)−√
3ln2(pdπ)

t(y, 3z2 − r2) = m(n2 − 1
2 (l

2 +m2))(pdσ)−√
3mn2(pdπ)

t(z, 3z2 − r2) = n(n2 − 1
2 (l

2 +m2))(pdσ) +
√
3n(l2 +m2)(pdπ)

d†iσ, diσ

Hubbard 5

Hubbard t >

U

U > t

Mott

U/t

2

Mott

*2

U/t = ∞

2

H = J
∑
i,j

�Si · �Sj (4)

J = 4t2/U

Heisenberg

Heisenberg Hubbard

H0 = U
∑

i ni↑ni↓

*2

H ′ = −t
∑

i,j

∑
σ=↑,↓ c

†
iσcjσ

2

Kitaev

La2−xSrxCuO4

x = 0

Mott

Mott

Hubbard Heisenberg

Hubbard Heisenberg

d
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5

3

[5, 6]

Na2IrO3 6

IrO6

2 Na

2

Na+ O2−

Ir O

4-5

Na2IrO3

Ir4+ (5d)5

5d

3d 5d

6

Na2IrO3

3d 5d

5d

Coulomb Hund

3d

5d

3d Mott

5d

3.1

3.1.1

Ir4+

Ir4+ O2−

t2

e 5 5d

5d

Hund

(t2)
5

3.1.2 (t2)
1

t2 e

e

t2

Ir4+
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(t2)
5 (t2)

1

2T2 O 2

O′

O′ 1/2 E′

T2 × E′ = E′′ + U ′

2T2

2

E′′ 2 U ′

4 2T2

6 2 3

Hso =
h̄

2m2c2
gradvcrys(�r)× �p · �s ≡ �t(�r) · �s (5)

t2

(ϕξ↑, ϕη↑, ϕζ↑, ϕξ↓, ϕη↓, ϕζ↓)

ζ = −i〈ξ | tγ | η〉
ζ

Hso =
ζ

2

⎛
⎜⎜⎜⎜⎜⎜⎝

0 i 0 0 0 −1
−i 0 0 0 0 i
0 0 0 1 −i 0
0 0 1 0 −i 0
0 0 i i 0 0
−1 −i 0 0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎠

E(E′′) = ζ E(U ′) = −ζ/2

E′′ ϕ1± U ′

(ϕ2±, ϕ3±)

ϕ1± =
1√
3
(ϕζ | ±〉 ± (ϕξ ± iϕη) | ∓〉)

=
1√
3
(c†ζ↑↓ ± (c†ξ↓↑ ± ic†η↓↑)) | 0〉,

ϕ2± =
1√
2
(ϕξ ± iϕη) | ±〉

=
1√
2
(c†ξ↑↓ ± ic†η↑↓) | 0〉,

ϕ3± =
1√
6
(2ϕζ | ±〉 ∓ (ϕξ ± iϕη) | ∓〉)

7

Na2IrO3 Ir 5d

=
1√
6
(2c†ζ↑↓ ∓ (c†ξ↓↑ ± ic†η↓↑)) | 0〉

↑, ↓ +,−

3.1.3 (t2)
5

(t2)
1 Ir4+

(t2)
5

(t2)
n

(t2)
(6−n)

(t2)
1

ζ −ζ E′′

U ′

7

E′′ U ′

Jeff = 1/2, 3/2

t2

p

t2

L = 1

S = 1/2

J = 1/2, 3/2

E′′, U ′

Jeff = 1/2, 3/2
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2 O′ [3] A1, A2, E, T1, T2, E
′, E′′, U ′

1, 1, 2, 3, 3, 2, 2, 4

O A1 A2 E T1 T2 E′ E′′ U ′

A1 A1 A2 E T1 T2 E′ E′′ U ′

A2 A2 A1 E T2 T1 E′′ E′ U ′

E E E A1 +A2 + E T1 + T2 T1 + T2 U ′ U ′ E′ + E′′ + U ′

T1 T1 T2 T1 + T2 A1 + E + T1 + T2 A2 + E + T1 + T2 E′ + U ′ E′′ + U ′ E′ + E′′ + 2U ′

T2 T2 T1 T1 + T2 A2 + E + T1 + T2 A1 + E + T1 + T2 E′′ + U ′ E′ + U ′ E′ + E′′ + 2U ′

E′ E′ E′′ U ′ E′ + U ′ E′′ + U ′ A1 + T1 A2 + T2 E + T1 + T2

E′′ E′′ E′ U ′ E′′ + U ′ E′ + U ′ A2 + T2 A1 + T1 E + T1 + T2

U ′ U ′ U ′ E′ + E′′ + U ′ E′ + E′′ + 2U ′ E′ + E′′ + 2U ′ E + T1 + T2 E + T1 + T2 A1 +A2 + E + 2T1 + 2T2

3.2

3.2.1 t2

Ir4+

Ir

IrO6

Ir

La2−xSrxCuO4

CuO6

Cu-O-Cu 180◦

Na2IrO3 IrO6

Ir-O-Ir 90◦

8 Ir-O-Ir

Ir(1) Ir(2) 5d

O 2p

O(1)

O(2)

Ir(1)yz-O(1)pz-Ir(2)zx Ir(1)zx-

O(2)pz-Ir(2)yz

Slater-Koster

Ht,1-2 = − (pdπ)2

Δ
(c†1ξσc2ησ + c†1ησc2ξσ) + h.c.

= −t(c†1ξσc2ησ + c†1ησc2ξσ) + h.c.

t = (pdπ)2

Δ

Ht = −t
∑
i,j

∑
σ

(c†iξσcjησ+ c†iησcjξσ)+h.c. (6)

3.2.2 Jeff = 1/2

t2
Jeff = 1/2

(ϕ1+, ϕ1−)
Ht,1-2

〈ϕ1+(1) | Ht,1-2 | ϕ1+(2)〉
=

1

3

∑
σ

〈0 | (c1ξ↓ − ic1η↓ + c1ζ↑)

(c†1ξσc2ησ + c†1ησc2ξσ)(c
†
2ξ↓ + ic†2η↓ + c†2ζ↑) | 0〉

=
1

3

∑
σ

〈0 | (ic1ξ↓c†1ξσc2ησc†2η↓ − ic1η↓c
†
1ησc2ξσc

†
2ξ↓) | 0〉

= i− i

= 0

〈ϕ1+(1) | Ht,1-2 | ϕ1−(2)〉 = 0

〈ϕ1−(1) | Ht,1-2 | ϕ1+(2)〉 = 0

〈ϕ1−(1) | Ht,1-2 | ϕ1−(2)〉 = 0

Jeff = 1/2

Ir 5d O 2p

5d

Ir(1)-O(1)-Ir(2)
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Ir(1)-O(2)-Ir(2)

i −i

π

Jeff = 1/2

3.3 Hubbard

3.3.1

Coulomb

Hint = HU +HU ′ +HJ +HJ ′ (7)

HU = U
∑
i

∑
α

niα↑niα↓,

HU ′ =
U ′

2

∑
i

∑
α�=β

(niα↑ + niα↓)(niβ↑ + niβ↓),

HJ = −J

2

∑
i

∑
α �=β

∑
σ,σ′

c†iασciασ′c†iβσ′ciβσ,

HJ′ =
J ′

2

∑
i

∑
α �=β

∑
σ �=σ′

c†iασc
†
iασ′ciβσ′ciβσ

〈αβ | α′β′〉

=

∫ ∫
d�r1d�r2ϕ

∗
α(�r1)ϕ

∗
β(�r2)

e2

|�r1 − �r2|ϕα′(�r1)ϕβ′(�r2)

U = 〈ηη | ηη〉, U ′ = 〈ηξ | ηξ〉, J = 〈ηξ |
ξη〉, J ′ = 〈ηξ | ξη〉 Hint

Coulomb

Coulomb

U = U ′ + 2J, J = J ′

U > U ′ 
 J = J ′ > 0 *3

*3 3d U : U ′ : J ∼ 1 : 0.910 : 0.044

8 Ir(1)-O-Ir(2)

3.3.2 Hubbard

t2

H = Hso +Ht +Hint (8)

6× 6

t2

Hso

2

Hubbard

ζ 3d

0.02 − 0.08eV

5d 0.2− 0.6eV Ir 0.55 eV

t d

2p

3d 5d

0.1− 0.5 eV

3d U ∼ 6 eV J

∼ 1 eV 5d

U ∼ 2 eV J

∼ 0.2eV Na2IrO3
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U > ζ > J ∼ t

Hubbard

Hint

2

Ir4+ t2 1

Mott

Hso

Jeff = 1/2 Jeff = 3/2

Jeff = 1/2

Jeff = 1/2

Jeff = 1/2

Jeff = 3/2

Ir

Hubbard

3.4 Kitaev

3.4.1 (t2)
4

Jeff = 1/2 Kramers

Jeff = 1/2

Ht 2

(t2)
4

(t2)
4

(t2)
2

(t2)
2

ζ

U, U ′, J, J ′

(t2)
4

(t2)
2

O

(t2)
2 1A1,

1 E,3 T1,
1 T2

1, 2, 9, 3

15 t2 3

2 6 2

6C2

ϕ(1A1) =
1√
3
(c†ξ↑c

†
ξ↓ + c†η↑c

†
η↓ + c†ζ↑c

†
ζ↓) | 0〉,

ϕ(1E, u) =
1√
6
(−c†ξ↑c

†
ξ↓ − c†η↑c

†
η↓ + 2c†ζ↑c

†
ζ↓) | 0〉,

ϕ(1E, v) =
1√
2
(c†ξ↑c

†
ξ↓ − c†η↑c

†
η↓) | 0〉,

ϕ(3T1,M = 1, α) = c†η↑c
†
ζ↑ | 0〉,

ϕ(3T1,M = 0, α) =
1√
2
(c†η↑c

†
ζ↓ − c†ζ↑c

†
η↓) | 0〉,

ϕ(3T1,M = −1, α) = c†η↓c
†
ζ↓ | 0〉,

ϕ(3T1,M = 1, β) = c†ζ↑c
†
ξ↑ | 0〉,

ϕ(3T1,M = 0, β) =
1√
2
(c†ζ↑c

†
ξ↓ − c†ξ↑c

†
ζ↓) | 0〉,

ϕ(3T1,M = −1, β) = c†ζ↓c
†
ξ↓ | 0〉,

ϕ(3T1,M = 1, γ) = c†ξ↑c
†
η↑ | 0〉,

ϕ(3T1,M = 0, γ) =
1√
2
(c†ξ↑c

†
η↓ − c†η↑c

†
ξ↓) | 0〉,

ϕ(3T1,M = −1, γ) = c†ξ↓c
†
η↓ | 0〉,

ϕ(1T2, ξ) =
1√
2
(c†η↑c

†
ζ↓ + c†ζ↑c

†
η↓) | 0〉,

ϕ(1T2, η) =
1√
2
(c†ζ↑c

†
ξ↓ + c†ξ↑c

†
ζ↓) | 0〉,

ϕ(1T2, ζ) =
1√
2
(c†ξ↑c

†
η↓ + c†η↑c

†
ξ↓) | 0〉

Coulomb

E(1A1) = U + 2J ′ =

U + 2J,E(1E) = U − J ′ = U − J,E(3T1) =
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9 (t2)
4

U ′ − J = U − 3J,E(1T2) = U − J

Hund S = 1 3T1

S = 0 1A1,
1 E,1 T2

1E 1T2

d

(t2)
2

2

S = 0 A1

S = 1 T1

A1 × A1 = A1, E × A1 = E, T1 × T1 =

A1+E+T1+T2, T2×A1 = T2
3T1

E(A1) = ζ, E(E) = −ζ/2, E(T1) =

ζ/2, E(T2) = −ζ/2 [3]

(t2)
2

(t2)
4 U,U ′, J, J ′

ζ

9

3.4.2 Kitaev

Jeff = 1/2

t2 Hubbard

(t2)
5

U > ζ > t ∼ J

H0 Hint HU , HU ′

Hso Ir Jeff = 1/2 1

H ′ Ht

Hint HJ , HJ ′

2 Ir

2

2 Jeff = 1/2

Jeff =

1/2

Jeff = 3/2

2

9 U > ζ

*4

2 Ir(1) Ir(2) Jeff = 1/2

H1-2 =

−
∑
αβ

∑
n �=0

〈α | Ht,1-2 | n〉〈n | Ht,1-2 | β〉
En − E0

| α〉〈β |

| α〉, | β〉 Ir(1) Ir(2)

1 Jeff = 1/2

Ir(1) ϕ1+ Ir(2)

ϕ1+ | ++〉
Ir(1) Ir(2) | α〉, | β〉

| ++〉, | +−〉, | −+〉, | −−〉
4× 4

16 | n〉
Ir(2) (t2)

6 Ir(1)

2

Ir(1) 2 4

15

*4 ζ > J
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10 Kitaev

〈++ | Ht,1-2 | ϕ(3T1,M = −1, γ)〉
= −1

3
t〈0 | (c1ξ↓ − ic1η↓ + c1ζ↑)(c2ξ↓ − ic2η↓ + c2ζ↑)

(c†2ξ↑c1η↑ + c†2ξ↓c1η↓ + c†2η↑c1ξ↑ + c†2η↓c1ξ↓)

c†1ξ↓c
†
1η↓ | 0〉

=
2

3
t

H1-2 = −1

3
J(

t

U
)2(| ++〉〈++ | + | −−〉〈−− |

− | +−〉〈+− | − | −+〉〈−+ |)

Jeff = 1/2 �S

H1-2 = −4

3
J(

t

U
)2Sz

1S
z
2 (9)

*5 Jeff = 1/2

Kitaev

Kitaev

Ising

J/U(∼ 0.1)

3

*5

Jeff = 1/2

Heisenberg

Jeff = 1/2

Jeff = 1/2

Jeff = 3/2

Hund

J 3T1

10 Hund

J

3.4.3 Kitaev

Na2IrO3 IrO6

Jeff = 1/2

Kitaev

11 x, y, z

Kitaev

H = −J(
∑

x−link

Sx
i S

x
j +

∑
y−link

Sy
i S

y
j +

∑
z−link

Sz
i S

z
j )

(10)

Kitaev [6]

Kitaev

x-link

x

x

y-link z-link

link
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11

y

z

x, y, z

Kitaev

2

*6

Kitaev

Jx, Jy, Jz

Kitaev

*6

[7]

[8]

[9] 3

[10, 11]

3.5

Na2IrO3

zigzag

[12, 13]

Ir

Ir

Jeff = 1/2

[14, 15]

Ir Heisenberg

Na2IrO3

[14, 15] Ir

*7

4

1.

2. 3.

4.

5.

6. 7.

*7 Ir X

[16, 18, 20, 22, 23] Ir

[17, 18, 19, 20, 21, 22, 23]
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