




β β



300K β

50G







4d

1% 3%

TN = 150K



45◦ 1̄02

(1̄02)

0.1µ

β
β

≈ 200K

300K



β





4d

1% 3%



TN = 150K

45◦

(1̄02)

(1̄02)

0.1µ



β

≈ 200K

300K

β





1

s
d s p

f

d
TC

3d



U
t

U ≫ t

Jex = 2t2/U U > t
U < t

340K

U t

p d

p
∆CT

TC

d
∆



d

λS · L λ S

L

3d

∆

t2g eg

3d6 S = 0
S = 2

λ

d d

5d5

d d
U ≪ t

Jeff = 1/2
U



λ U t

Jeff



(a) (b)

∆ λ S =
1 λ ≫ ∆
|L+S| = 0

π π

p

d d
U λ

∆ Jex = 2t2/U
t42g

S = 1 L = 0
L ∆



S
L

Jeff = 0

Jeff = 0
Jeff = 1

t2g
k



TM/NM

TO TFL

360K



TC

1%

TC 8K 65K



β

β



β



2

TC

S = 1



µ

t2g α/β
dyz dxz γ dxy

γ
α β



Ca2RuO4  (S-CRO)Sr2RuO4 (b)(a)
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295K

1K
110K

360K

150K



≈ 1%

Ru−O2 > Ru−O1
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λ

∆
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eg t2g
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eg






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2
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
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2
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2
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t2g
〈∓1|l̂z| ∓ 1〉 = ∓1 〈0|l̂z|0〉 = 0
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Oh D4h
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t2g ≈ 100meV

D2h

t2g
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∆
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∆
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t

U
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∆
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f

Erad(R,t)

Ein
∝ f

eiRt

R
cosψ ,

Erad(R,t) Ein

cosψ
f = r0

ρ(r)

q ·r

f(q) = r0

∫

ρ(r)eiqrdr .

q k

k q = k −k



r0
q = 0

f = r0Z
Z

f(q, ω) = f(q) + f ′(q, ω) + if ′′(q, ω)

∝ ω4

ω0

I(q) ∝

∣
∣
∣
∣
∣

∑

n

fn(q, ω)e
iq·rn

∣
∣
∣
∣
∣

2

︸ ︷︷ ︸

(q,ω)

×

∣
∣
∣
∣
∣

N∑

m

eiq·Rm

∣
∣
∣
∣
∣

2

︸ ︷︷ ︸

L(q)

.

L(q)
Rm,

q G

q = G

a1 a1 a1

Rm = n1a1+n2a2+n3a3

q · Rm
!
= 2πn

q = G = ha∗
1 + ka∗

2 + la∗
3

a∗
i = 2π

aj × ak

a1 · (a2 × a3)
= 2π

aj × ak

V
,

V h k l
N → ∞ L(q)



1 1000

F (q, ω)

fn

h k l

F (q, ω)

n = 1 − δ δ 1× 10−8

1× 10−5

1◦





2 keV 3 keV

K LI LIII

MI MV

1 nm





σ · (∇×A) σ · (E ×A)
σ

∝ ~ω/mc2

A(r) =

√

2π~c

V

∑

k,ε

√

1

k

(

εakεe
ikr + ε∗a†kεe

−ikr
)

.

akε k

ε a†kε V
|g〉 = |g;kε〉

|f〉 = |f ;k′ε′〉

W =
2π

~

∑

f

∣
∣
∣
∣
∣
〈f |H |g〉+

∑

n

〈f |H |n〉 〈n|H |g〉

Eg − En

∣
∣
∣
∣
∣

2

× δ(Ef − Eg) .

|g〉
|f〉

|n〉 Hint

pl · A(rl, t)

a†kε akε
∝ A(rl, t) ·A(rl, t) akε a†kε

0 ±2
pl · A(rl, t)

∝ A(rl, t) ·A(rl, t)

pl ·A(rl, t)



W =
2π

~

∑

f

|〈f |H |g〉|
2
× δ(Ef − Eg − ~ω)

A(r)

A(r) = c

√

2πnkε~

V ω
εeikr ,

k nk

eikr ≈ 1
r ≈

0.1 λ ~ω ≤
1000 eV λ ≥ 12

2π/λr ≈ 0 ≈ 3 keV
λ ≈ 4

|g〉 |f〉 l m

∆l = ∓1
2p →

4d | 〈f |Hint|g〉 |
2
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2 =

( e

mc

)2

| 〈f |p ·A|g〉 |2
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2πnkε~
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V

)
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=

(
2πnkε~ω

V

)

| 〈f |ε ·D|g〉 |2

H† = H p = (im/~)[H0, r]
D = e · r dσ/dΩ = W/Φ

ε



Φ = cnk/V

dσ
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4π2ω

c
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f

| 〈f |ε ·D|g〉 |2 × δ(Ef − Eg − ~ω)

dσ
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=

4π2ω

c

∑

f

〈g|(ε ·D)†|f〉 〈f |ε ·D|g〉×δ(Ef −Eg−~ω)
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1
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.

iΓ/2
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=

4πω

c
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∑

f

〈g|(ε ·D)†|f〉 〈f |(ε ·D)|g〉
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,

A·A
p·A
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dσ

dΩ
=

2π
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∣
∣
∣
∣
∣

∑
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∣
∣
∣
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∣
∣
∣
∣
∣
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∣
∣
∣
∣
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Γ
dσ/dΩ = |f |2

f = ε′† ·
(ω

c
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=
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ε Fres

ε · r
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∑
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(ε′j)
∗ri(r

′
j)

∗εi = ε′∗ · Fres · ε

Fres

ε′∗ ε
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z Fres
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!
= Rα
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α
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Rα
z z

α
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


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3c b 0
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


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Rπ
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b
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b

b
b
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


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 ·


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
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
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Fxyz
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1
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∣
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



0 0 4
0 0 0
4 0 0





F101 = F010 = f1 + f2 − f3 − f4 =


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
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
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

 .
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ψ
j⊥q

j

q

z

σlab
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σlab
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q

T
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R3 = Rα
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δ

I(x) = I0 exp
(

−
x

δ

)

,

I(x) x
I0

δ ≈ 1m
dfilm ≈ 50 nm δ ≫ dfilm

xin/(xin + xsub) = xin/δ ∝
1/ sin(α)

q ∦ n

∝ 1/ sin(α)
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β = 2θ − α
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1
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=

1
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α β γ
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V (r)
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∫
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∫
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[
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(
∂V

∂rα

)

0

rα

+
1

2

∑
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(
∂2V

∂rα∂rβ

)

rαrβ + . . .


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∫

ρ(r)(3rαrβ − δαβr
2)d3r

EQuad =
1

6

∑
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)
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∇2V = 0

I
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Iα =
∑

k
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3
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2

)

Q
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1

6
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VαβQαβ .
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HQ =
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2
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]

∑

α Vαα = 0
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eQ
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Vzz

(
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)
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Vαβ

I ≥ 1
η = 0
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−



I=2 I=2

Zeeman splitting Quadrupolar splitting
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m=-2

(a) (b)

m=±2

m=±1

m=0

~ωL = gµNB0

~ωQ = eQVzz/24

W

dN+(t)

dt
=WN−(t)−WN+(t)

dN−(t)

dt
=WN+(t)−WN−(t)

n(t) = N+(t) − N−(t)

n(t) = n(0)e−2Wt.

n(t)

< ψ−|H
′|ψ+ >



B0

∆E ≪ kBT

N+

N−
= exp

(
−~ω

kBT

)

W↑ W↓

N = N+ +N−

dn

dt
= N(W↑ −W↓)− n(W↑ +W↓).
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A

n0 = N

(
W↑ −W↓
W↑ +W↓

)
1

T1
= (W↑ +W↓).

n0 T1
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B1 ω
B = B1 + (B0 + ω/γ)

B1 ω0 B = B1 B0 =
−ω0/γ µ

B1 µz

T1

µ̇x(t) = γ|µ×B|x −
µx

T2

µ̇y(t) = γ|µ×B|y −
µy

T2

µ̇z(t) = γ|µ×B|z +
µ0 − µz
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.

T2 xy T2

µx µy
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µx µy

β β

β
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γ = 135.5MHzT−1

S = 1/2
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µ
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β

β

α

500MeV
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β

γ = −5.77MHzT−1



T1/2 γ(MHzT−1)

µ 1/2 2.2× 10−6 135.5 0.33 104

2 0.84 6.013 0.33 108

1/2 13.8 22 0.02 107

1/2 122 10.8 0.7 108

β

I T1/2 γ A

β
I = 1/2

τ
τµ = 2.2 s

τ = 1.21 s
τµ

5mm × 5mm I = 2

≈ 20 keV

1/e
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β
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ϑ
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β
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±

c
a
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c
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
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λ′τ
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1− e−λ′T

1− e−T/τ

)
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∝ ξ ∝
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(a) Frank-der-Merwe (b) Stranski-Kranstanov (c) Volmer-Weber

Θ

µ(n) =
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∂n
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∣
∣
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′

α(n) ǫd(n)
ǫe(n)

n

µ

G

∂µ/∂n > 0

∂µ/∂n ≶ 0
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∂µ/∂n < 0
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