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Localized electrons

−
~2

2m
∇2ψ(~r) + V (~r)ψ(~r) = Eψ(~r)

ψ(~r) =
∑
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(
ul (r)
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Ylm(r̂)

−
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d2ul

dr2
+

V +
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l(l + 1)

r2︸ ︷︷ ︸
centrifugal potential

 ul = Eul

s-electrons: Vcf ∼ 0
p-electrons: Vcf ∼ 2
d-electrons: Vcf ∼ 6
f -electrons: Vcf ∼ 12
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Localized electrons: Rb4O6

S. Naghavi, et al, PRB 2011
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Basis decomposition
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Inside effective impurity

Uij =

∫
dr1dr2

ψ∗i (r1)ψi (r1)ψ∗j (r2)ψj (r2)

|r1 − r2|
+

∫
dr1dr2

ψ∗i (r1)ψj (r1)ψ∗j (r2)ψi (r2)

|r1 − r2|

Uijkl =

∫
dr1dr2

ψ∗i (r1)ψj (r1)ψ∗k (r2)ψl (r2)

|r1 − r2|

ψi (~r) = Ri (r)Yi (r̂) =⇒ Uijkl = UR︸︷︷︸
F0︸︷︷︸
U

,F2, F4,︸ ︷︷ ︸
U−J,J

..

· δ(ijkl)︸ ︷︷ ︸
ang. symmetry
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Inside effective impurity

Ueff (∼ 3 eV) < U (∼ 10 eV)
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First step: LDA+U

simple picture:

Etot = ELDA
tot + 1/2 U

∑
i 6=j

ninj − 1/2 UN(N − 1)︸ ︷︷ ︸
db−c.

εi =
∂Etot

∂ni
= εLDA + U

(
1

2
− ni

)

more strictly: ∑
1234

V1234 · n12n34 −
∑
1234

V1234 ·

n12〈n34〉+〈n12〉n34−〈n12〉〈n34〉︷ ︸︸ ︷
〈n12n34〉

⇒
∂

∂n12
⇒

∑
346=12

V1234 (n34 − 〈n34〉)

what means 〈〉? 〈n〉ν =
1

2

∑
σ

nσν , 〈n〉σ =
1

N

∑
ν

nσν
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Ni: LDA+U (spin polarization)

ενσ = εLDA
νσ +

∑
σ′ν′ 6=σν

Vσνσ′ν′
(
nν′σ′ − 〈n〉σ

)
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Ni: LDA+U (orbital polarization)

ενσ = εLDA
νσ +

∑
σ′ν′ 6=σν

Vσνσ′ν′
(
nν′σ′ − 〈n〉ν

)
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Half-filling

Stanislav Chadov



Diagrammatic technique

First-order processes

|kσ〉 |k′σ′〉

p = 0 p = 0

kF|GS〉

direct interaction

|kσ〉 |k′σ〉
p = k′ − k

−p

kF|GS〉

exchange interaction

E (1) ∼ 〈FS |V |FS〉

Second-order processes
|k+ p, σ〉 |k′ − p, σ′〉

|k, σ〉 |k′, σ′〉

kF|GS〉

direct interaction

|k+ p, σ〉

|k′, σ〉

|k′ − p, σ〉

|k, σ〉

kF|GS〉

exchange interaction

E (2) ∼ 〈FS|V |ν〉〈ν|V |FS〉
E0−Eν

A. L. Fetter, J. D. Walecka,
Quantum Theory of Many-Particle Systems

L. Kadanoff, G. Baym,
Quantum Statistical Mechanics
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AIM solver
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Self-energy

T1234(ε) = V1234 +∑
′V121′2′ Φ1′2′3′4′ (ε)T3′4′34(ε)

Φ1234(ε) = i

∫
dε′

2π
G13(ε− ε′)G24(ε′)

Σ12(ε) =
1

i

∫
dε′

2π

[
T121′2′ (ε

′ + ε)

− T211′2′ (ε
′ + ε)

]
G2′1′ (ε

′)

G−1(ε) = G−1(ε) + Σ(ε)
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Self-energy

Real-energy axis: T = 0
∞∫
−∞

Φ(ε)Θ(ε;µ, 0)dε

=

µ∫
−∞

Φ(ε)dε

Matsubara poles: T > 0
∞∫
−∞

Φ(ε)Θ(ε;µ,T )dε

=
∑
k

Φ

(
(2k + 1)π

kBT

)
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Ni: LDA+DMFT

G−1(ε) = G−1(ε) + Σ(ε)
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Metal/Mott insulator
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Coupling with external bath
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Coupling with external bath
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Coupling with external bath
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Spectroscopies
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Fermi “golden rule” and Green’s functions

transition probability from 〈m| to 〈n|:

∼ | 〈m|X |n〉 |2 = 〈m|X |n〉 〈n|X |m〉

the whole intensity:∑
nm

〈m|X |n〉 〈n|X |m〉 ⇒
∑
nm

〈m|X |n〉 〈n|X |m〉Θ(εn − µ)Θ(µ− εm)δ(εn − εm − ω)

=
∑
nm

〈m|X |n〉 〈n|X |m〉
∞∫
−∞

dε
Θ(ε− µ)

ε− εn

∞∫
−∞

dε′
Θ(µ− ε′)
ε′ − εm

δ(εn − εm − ω)

=
∑
nm

〈m|X |n〉 〈n|X |m〉
∞∫
−∞

∞∫
−∞

dεdε′
Θ(ε− µ)

ε− εn
Θ(µ− ε′)
ε′ − εm

δ(ε− ε′ − ω)

=
∑
nm

〈m|X |n〉 〈n|X |m〉
µ+ω∫
µ

dε
1

(ε− εn)(ε− ω − εm)

=

µ+ω∫
µ

dε X
∑
n

|n〉 〈n|
ε− εn

X
∑
m

|m〉 〈m|
ε− ω − εm

=

µ+ω∫
µ

dε X G(ε) X G(ε− ω)
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MOKE

θK(ω) + iεK(ω) =
−σxy(ω)

σxx(ω)
√

1 + 4πi
ω
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MOKE

θK(ω) + iεK(ω) =
−σxy(ω)

σxx(ω)
√
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S. Chadov et al, PRB(R) 2007
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XPS
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XPS

Angle-integrated VB-XPS

in bcc-Fe and hcp-Co:
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Angle-resolved VB-XPS
for fcc-Ni:

Bloch spectral functions (Γ− ∆− X ):
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J. Minár, et al, PRL 2005
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XPS
Ba0.6K0.4Fe2As2
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XAS/XMCD
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Finally

Thank you!
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