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1

(single photon)

1

2

0

0 1

1 2

1.1

2

g(2)(τ) =
〈â†(t)â†(t+ τ)â(t+ τ)â(t)〉

〈â†(t)â(t)〉2 (1)

â†(t)
â(t) t

〈...〉 (1)

τ

2

g(2)(0) = 0 g(2)(0) < g(2)(τ)

g(2)(0) = 0

1

(CW)

τ = 0

(g(2)(0) = 0) 2(a)

τ = 0 0 2(b)

1.2

BS

t
1

t
2

|ψ〉
1

|0〉
2

1:

τ

g(2)

0

1

τ

g(2)

0

(a) (b)

2: g(2)(τ)

(a) (CW) (b)

[1]

Na

[2, 3]

[4]

[5, 6] [7]

[8, 9, 10]

[11]

[12, 13]

[14, 15]

3(a) 2

t = 0 1

《講義ノート》 物性研究・電子版 Vol. 10, No. 1, 101208(2022年3月号)



(a) (b)

3: (a) 2 (b) 3

. γ1: γp:

Ω: w:

2 |g〉
|e〉 pe 0

2 pe

g(2)(τ) t = τ (≥ 0) pe

t = 0 0

pe t → ∞
g(2) → 1 g(2)(0) = 0

g(2)(∞) → 1

Ω

γ1 γp

[1, 12, 13]

(a) (Ω � γ1) (γp =

0)

g(2)(τ) =
(
1− e−γ1τ/2

)2

(2)

(b) (Ω � γ1 � γp,

1 � γpτ)

g(2)(τ) = 1− e−γ1τ (3)

(c) (Ω � γ1, γp)

g(2)(τ) = 1− e−(γ1+γ2)τ/2 cosΩτ (4)

γ2 = γ1/2 + γp

4 (2) (4)

g(2)(0) = 0

5 Na

g(2)(τ) [2, 3] τ = 0 g(2) ∼ 0

τ

g(2)

(a)

(b)

(c)

0

1

4: 2

g(2)(τ) (a)

(b) (c)

      τ (ns)      

   
   

 g
(2

) (τ
) 

  
  

 

5: Na

g(2)(τ) [2, 3]

τ 
= 0 g(2) 1

3

3(b) |g〉
|i〉 |e〉

τ = 0 1

|g〉 |i〉 |e〉
w |e〉 |g〉 γ1

τ |g〉, |e〉 pg(τ), pe(τ)
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6: CdSe

[8]

d

dτ
pe(τ) = wpg(τ)− γ1pe(τ) (5)

pg(τ) + pe(τ) = 1 (6)

pe(0) = 0 (7)

(5)

pe(τ) =
w

γ1 + w

(
1− e−(γ1+w)τ

)
(8)

g(2)(τ) =
pe(τ)

pe(∞)
= 1− e−(γ1+w)τ (9)

[8] (3)
1 g(2)(0) = 0

CdSe

[8] 6

(9) 10 ns

[16]

g(2)(τ) > g(2)(∞)

6

1 (5) |i〉 |e〉

7: GaAs

[9]

(a) (b)

X (μm)

Y
 (

μ
m

)

τ (ns)

g
(2

) ( τ
)

0
0

0.5

1.0

50−50 100−100

8: (a) NV

(b) NV

[18]

g(2)(0) 0

g(2)(0)

[17]

GaAs

InAs

[9]

7 (τ = 0)

0
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LED

[19]

InAs/InP

1.3 μm [20]

1.5 μm

[21, 22]

NV

NV

[7, 23, 24] 8 NV

NV

[18] τ = 0

g(2)(0) 0 NV

NV

τ = 0 g(2) > 1

CdSe

τ → ∞
g(2) → 1

2

ω1

ω2

|c〉

|b〉

|a〉

9:

χ(2)
pump signal

idler

ωs

ωi

ωp

10:

2.1

9 |a〉, |b〉, |c〉

|c〉 → |b〉 1 ω1 ,

|b〉 → |a〉 2 ω2

|b〉 → |c〉
|b〉 → |a〉 2

1

2

1 2

2.2

10

spontaneous parametric down-conversion:

SPDC SPDC

2

1

1

2

P

P = ε0

(
χ(1)E + χ(2)E2 + χ(3)E3 + ...

)
(10)
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2 HI

HI = −P · E (11)

2

P (2) = ε0χ
(2)E2 (12)

HI = −P (2) · E = −ε0χ
(2)E3 (13)

ωp, ω1, ω2

ωp

(13)

ωp

�g
(
â†i âpâp + h.c.

)
(ωi = 2ωp, i = 1, 2) (14)

�g
(
â†1â

†
2âp + h.c.

)
(ω1 + ω2 = ωp) (15)

g χ(2)

(14) ωp

2ωp

(second harmonic generation: SHG)

(15) ωp

ω1 ω2

(parametric down-conversion:

PDC) ω1=ω2

ω1 ω2

(parametric

amplification) ω1 ω2

SPDC 3 SPDC

4

2

3 (spontaneous parametric emission)

4

SPDC

SPDC 2 χ(2)

SPDC

χ(2)

SPDC

ω1 + ω2 = ωp (16)

k1 + k2 = kp (17)

ki (i = 1, 2, p)

(16) (15)

(17)

(16)

(17)

2

5

2 type-I

type-II

α

SPDC

|Ψ〉 = c0|0〉1|0〉2 + c1|1〉1|1〉2 + c2|2〉1|2〉2 + ...

(18)

cn =
(tanh θ)n

cosh θ
(19)

[25] |n〉i
(i = 1) (i = 2)

5
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θ gα tanh2 θ =

ζ

|cn|2 =
(tanh θ)2n

cosh2 θ
= (1− ζ)ζn (20)

ζ = e−�ω/(kBT )

|cn|2 T , ω

SPDC

〈n〉 = ζ/(1 − ζ)

ρ1, ρ2

ρ = |Ψ〉〈Ψ|

ρ1 = Tr (2)|Ψ〉〈Ψ| =
∑
n

|cn|2|n〉〈n|1, (21)

ρ2 = Tr (1)|Ψ〉〈Ψ| =
∑
n

|cn|2|n〉〈n|2 (22)

SPDC (18)

(20) θ � 1 ζ � 1

|c0|2 � |c1|2 � |c2|2...
2

|Ψ〉 = c0|0〉1|0〉2 + c1|1〉1|1〉2 (23)

|1〉1|1〉2
|0〉1|0〉2

SPDC

100 fs

Hong,

Ou, Mandel [26]

BS

2

1 2’

1’
|1〉2

|1〉1

11:

2.3 Hong-Ou-Mandel

11 50%:50% (BS)

1, 2 ω s

|1〉1, |1〉2

|Ψ〉 = |1〉1|1〉2 = â†1â
†
2|00〉 (24)

|00〉 = |0〉1|0〉2
BS(

â1′

â2′

)
=

1√
2

(
1 i

i 1

)(
â1

â2

)
(25)

(24) BS

|Ψ′〉 = 1

2

(
â†1′ + iâ†2′

)(
iâ†1′ + â†2′

)
|00〉 (26a)

=
1

2

{
i(â†1′)

2 + i(â†2′)
2 + â†1′ â

†
2′ − â†1′ â

†
2′

}
|00〉
(26b)

=
i√
2
(|2〉1′ |0〉2′ + |0〉1′ |2〉2′) (26c)

(26b) 1 2

BS

3 4

3

4

(26c)

1/2

0 1’

2’

〈Ψ′|â†1′ â†2′ â2′ â1′ |Ψ′〉 = 0 (27)
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12: Hong-Ou-Mandel

[27]

(26b) 3 4

[26] Hong, Ou Mandel

Hong-Ou-Mandel

Hong-Ou-Mandel

12 Hong-Ou-Mandel [27]

(SPDC)

(BS)

SPDC BS

1 2 ΔL1 BS

1’ 2’

ΔL1

ΔL1 = 0

0 (27)

ΔL1 = 0

40μm 130 fs

SPDC

[26, 28]

2.4 –

–

Hong-Ou-Mandel 11

13

Mach-Zehnder

BS1, BS2 50%:50%

1, 2 ω

|1〉1, |1〉2 BS1

Hong-Ou-Mandel Mach-Zehnder

BS1

2

1

BS2

2’

1’

1’’

2’’ΔL2

13: Mach-Zehnder

0

50
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0 1 2 3
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0
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1 )

14: [27] BS1

1 1 2 BS2

2” 1 1

BS1 1 2 1

BS2 2” 2

2 2 1

1/2

(26c)

|Ψ′〉 = 1√
2
(|2〉1′ |0〉2′ + |0〉1′ |2〉2′) (28)

ΔL2

φ = 2πΔL2/λ (26c)

BS2

|Ψ′′〉 = 1− e2iφ

2
√
2

(|2〉1′ |0〉2′ − |0〉1′ |2〉2′)

+
i(1 + e2iφ)

2
|1〉1′ |1〉2′ (29)

(29) 1” n1

2” n2 R(n1, n2)

R(2, 0) = R(0, 2) =
1

4
(1− cos 2φ), (30)

R(1, 1) =
1

2
(1 + cos 2φ) (31)
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2φ

(28)

λ λ/2

(de Broglie)
6 1/2

14 2

[27] 1 14

SPDC (860 nm)

2 14

1/2 (430 nm) (30)

n

λ/n

[29] (28) 2

n

|Ψ′〉 = 1√
2
(|n〉1|0〉2 + |0〉1|n〉2) (32)

NOON

2 NOON Hong-Ou-Mandel

1

3 NOON

3 [30] 4

[31, 32, 33, 34] 5 [35, 36] 6

[37]

[38]

2.5

1.2

6

(23)

|0〉1 |1〉1
(heralded photon)

(18)

g(2)(0) 0

(18) n = 0

g(2)(0)

g(2)(0) =
〈n̂2

1〉 − 〈n̂1〉
〈n̂1〉2 = 2ζ (33)

〈...〉 n > 0

(ζ � 1)

g(2)(0) ∼ 0
7

(21)

g(2)(0) = 2
8

SPDC

[39]

SPDC

3

(entanglement)

7 (ζ ∼ 1) g(2)(0) ∼ 2

8SPDC
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3.1

EPR [40]

2

2 2

|0〉 |1〉 9

|ψ〉 = α|0〉+ β|1〉 (34)

α β |α|2+
|β|2 = 1

|+〉 = 1√
2
(|0〉+ |1〉) , (35)

|−〉 = 1√
2
(|0〉 − |1〉) (36)

10

1 |a〉1 (a = 0, 1)

9 2 |H〉,
|V〉

10 ±45◦

2 |b〉2 (b = 0, 1)

|a〉1 ⊗ |b〉2 ≡ |ab〉 (37)

|00〉, |01〉, |10〉, |11〉

|Ψ〉 = α|00〉+ β|01〉+ γ|10〉+ δ|11〉 (38)

0

0 1 1

1/2

|Φ+〉 = 1√
2
(|00〉+ |11〉) (39)

(35) (36)

(39) |+〉 |−〉

|Φ+〉 = 1√
2
(|++〉+ | − −〉) (40)

(39)

|+〉 |−〉
(39)

(entangled state)

(39) 2

4

|Φ±〉 = 1√
2
(|00〉 ± |11〉) (41)

|Ψ±〉 = 1√
2
(|01〉 ± |10〉) (42)

(Bell states) (Bell bases)11

(maximally entangled state)

|00〉
|11〉 1/2

112 |00〉, |01〉, |10〉,
|11〉
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|00〉 |11〉
(39)

|0〉 |1〉

|+〉 |−〉 +

−

(39)

ρ

ρ = |Φ+〉〈Φ+|

=
1

2
(|00〉〈00|+ |00〉〈11|+ |11〉〈00|+ |11〉〈11|)

=
1

2

⎛
⎜⎜⎜⎜⎝
1 0 0 1

0 0 0 0

0 0 0 0

1 0 0 1

⎞
⎟⎟⎟⎟⎠ (43)

(43)

|00〉 |11〉 1 : 1

ρ =
1

2
(|00〉〈00|+ |11〉〈11|)

=
1

2

⎛
⎜⎜⎜⎜⎝
1 0 0 0

0 0 0 0

0 0 0 0

0 0 0 1

⎞
⎟⎟⎟⎟⎠ (44)

0

|++〉 P (++)

P (++) = 〈++ |ρ|++〉 = 1

4
(45)

P (++) = P (−−) =

P (+−) = P (−+) = 1/4

|+〉 |−〉

1 ρ1

1 2

|Ψ+〉 (43)

ρ1 = Tr(2) ρ

= 〈0| (|Φ+〉〈Φ+|) |0〉2 + 〈1| (|Φ+〉〈Φ+|) |1〉2
=

1

2
(|0〉〈0|1 + |1〉〈1|1)

=
1

2

(
1 0

0 1

)
(46)

1 |0〉 |1〉
2

2

2

2

3.2

|H〉, |V〉, |L〉, |R〉
|H〉 |V〉
|L〉 |R〉

1 2

2 |H〉1 ⊗ |V〉2 ≡ |H〉1|V〉2
≡ |HV〉

1980 Ca
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J=0

J=1
m=-1 0 +1

J=0

|R〉
1

|R〉
2

|L〉
1

|L〉
2

+

40Ca

(J=0)

(J=1)

(J=0)

4s4p 
1
P1

4p
2
 
1
S0

4s
2
 
1
S0

551.3 nm

422.7 nm

=

15: Ca

[41, 42] 15 40Ca

3 4p2 1S0 → 4s4p 1P1 →
4s2 1S0 J = 0 → 1 → 0

12

|Ψ〉 = 1√
2
(|LL〉+ |RR〉)

=
1√
2
(|HH〉 − |VV〉) (47)

Aspect

2

CHSH 13

[42]

2.2

SPDC 2

(χ(2))

1 2

12

13

2
J.S. Bell

CHSH

2

type-I

2 type-II

type-I |HH〉
|VV〉

|Ψ〉 = 1√
2

(|HH〉+ eiθ|VV〉) (48)

θ

type-II

|Ψ〉 = 1√
2

(|HV〉+ eiθ|VH〉) (49)

(48) (49) 1 2

2

SPDC

SPDC

[43, 44]

16 Type-I

(|H〉)
1 2

2 (HWP)

(|V〉) |H〉
|V〉 2 |H〉1|V〉2 14

(BS) 2

2.3 Hong-Ou-Mandel

BS

|Ψ〉 = |H〉1|V〉2 = |10〉1|01〉2 = â†1Hâ
†
2V|0〉 (50)

14

type-II |H〉 |V〉 2
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|V〉2

|H〉1|V〉2+|V〉1|H〉2BS

|H〉1

SPDC

1

2

HWP

pump

16:

Type-I

(|H〉)
(HWP)

(|V〉)
(BS) 2

2 BS

BS 2 1

|nH nV〉i i(=1,

2) H nH V

nV |0〉 ≡ |00〉1|00〉2
BS (50)

BS

|Ψ′〉 = eiγ

2

(
â†1′H − iâ†2′H

)(
iâ†1′V + â†2′V

)
|0〉

=
eiγ

2

(
â†1′Hâ

†
2′V + â†1′Vâ

†
2′H

+iâ†1′Hâ
†
1′V − iâ†2′Hâ

†
2′V

)
|0〉

=
eiγ

2
(|10〉1′ |01〉2′ + |01〉1′ |10〉2′

+i|11〉1′ |00〉2′ − i|00〉1′ |11〉2′) (51)

(51) 2 A

B 1 2

2

1 2 1
15

15(51) 1 2 1
1/2

(post-selection)

|V〉

|H〉

|H〉1|V〉2+|V〉1|H〉2

1

2

17: Type-II

Type-II

(|H〉) (|V〉)

2

|Ψ′〉 = 1√
2
(|10〉1′ |01〉2′ + |01〉1′ |10〉2′)

=
1√
2
(|H〉1′ |V〉2′ + |V〉1′ |H〉2′)

=
1√
2
(|HV〉+ |VH〉) = |Ψ+〉 (52)

(51)

(52)

|Ψ+〉 16

SPDC

2 |HV〉 |VH〉

17 type-II

2

2 2

|HV〉 |VH〉

|ψ〉 ≡ 1√
2

(|HV〉+ eiθ|VH〉) (53)

θ

3.5

16 1 2
|Ψ−〉
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18: 2

[47]

2 type-I

[45]

[46]

χ(2)

17

2

18 [47] 1

LiNbO3 2

A B

type-II

A

B

A ω1 |H〉
ω2 |V〉

|H〉ω1
|V〉ω2

B |V〉ω1
|H〉ω2

A B

|Ψ〉 = 1√
2

(|H〉ω1
|V〉ω2

+ eiθ|V〉ω1
|H〉ω2

)
(54)

18

ω1 ω2 2

(49)

17

18

(54) 1

2
19

3

SPDC 2

3 4

2 2

3

(χ(3))

3

[48] Si

19 ω1

ω2 1 2
A B

1 2
[47]
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(J=0)

(J=1)

(J=0)

Exciton

Biexciton

Ground

state

J=0

J=1
m=-1 0 +1

J=0

+=

|R〉
1

|L〉
1

|L〉
2

|R〉
2

19:

(exciton)

2 2

[49]

19

(J = 0)

(J = 1) (J = 0)

J = 0 → 1 → 0

|Ψ〉 = 1√
2
(|LR〉+ |RL〉)

=
1√
2
(|HH〉+ |VV〉) (55)

20

H

V

|HH〉 |VV〉
(44)

[50]

H, V

[51]

[52]

[53]

LED

20(47) (47)
(55)

QWP

POL

D1

D2

20:

1/4 (QWP)

(POL)

(D1, D2)

[54, 55] 2

2

(55)

χ(3) 2 2

4

3.3

2

20 1/4

21 [55] 21

2 (τ) 0
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–50 0 50

  τ  (ns)

0

10

20

 
(/

3
0

0
s)

HH
0

10

20 HV

0

10

20 V H

0

10

20 V V

–50 0 50

L L

L R

R L

R R

21: CuCl

2 2

LR, HV

2

L(R)

H(V)

τ 
= 0

1

ns

LR, RL

HH, VV

(55)

[55]

3.4

(55) |HH〉,

|HV〉, |VH〉, |VV〉

ρ = |Ψ〉〈Ψ| = 1

2

⎛
⎜⎜⎜⎜⎝
1 0 0 1

0 0 0 0

0 0 0 0

1 0 0 1

⎞
⎟⎟⎟⎟⎠ (56)

ρ

|ψ〉
(fidelity: F )

F = 〈Ψ|ρ|Ψ〉 (57)

F 0 1

F = 1

(44) (56)

F = 0.5

2

[56] 2

2×2 = 4

42 = 16 16

16

[56]

22

21

22

21

HH, HV, VH, VV

|HH〉〈HH| |VV〉〈VV|
|HH〉〈VV| |VV〉〈HH|

1/2 (56)

H V

|HH〉〈HH| |VV〉〈VV|

|HV〉〈HV| |VH〉〈VH|
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HH
HV

VH

VV

HH
HV

VH
VV

0

0.25

0.5

HH
HV

VH

VV

0

5

HH
HV

VH

VV

HH
HV

VH
VV

0

0.25

0.5

HH
HV

VH

VV

0

5

Re Im

22: CuCl

2

21

L,R H,V, ±45◦

(55)

(56) (57) 21

F = 0.85

0.5

ebit(E), concurrence

(C), tangle (T = C2)

E

2 C T

E

[57] 22

E 0.65 22

(44) E = 0

22

21 ρ |HH〉, |HV〉, |VH〉, |VV〉
ψ (1, 0, 0, 1) /

√
2

ρ
22 100 65

3.5

2

(41), (42)

(38)

|Ψ〉 = α|00〉+ β|01〉+ γ|10〉+ δ|11〉
= c1|Φ+〉+ c2|Φ−〉+ c3|Ψ+〉+ c4|Ψ−〉 (58)

c1 = (α+δ)/
√
2,

c2 = (α−δ)/
√
2, c3 = (β+γ)/

√
2, c4 = (β−γ)/

√
2

(Bell state measurement: BSM)

2 4

(58) |Ψ〉
|Φ+〉 |〈Φ+|Ψ〉|2 =

|c1|2
|c2|2, |c3|2, |c4|2

|c1|2 + |c2|2 + |c3|2 + |c4|2 = 1

1

[58]23

23SF
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BSM
2

1

3
U

23:

2 3 |Ψ+〉23
1 |ψ〉1 3

1 2 (BSM)

3

U 3 |ψ〉3

23

1

|ψ〉1 = α|0〉1 + β|1〉1 (59)

2 3

|Ψ+〉23 =
1√
2
(|0〉2|1〉3 + |1〉2|0〉3) (60)

|Ψ〉123

|Ψ〉123 = |ψ〉1 ⊗ |Ψ+〉23
=

α√
2
(|0〉1|0〉2|1〉3 + |0〉1|1〉2|0〉3)

+
β√
2
(|1〉2|0〉2|1〉3 + |1〉1|1〉2|0〉3) (61)

1 2 (58)

|Ψ〉123 =
1

2

{|Ψ+〉12 (α|0〉3 + β|1〉3)
+ |Ψ−〉12 (α|0〉3 − β|1〉3)
+ |Φ+〉12 (β|0〉3 + α|1〉3)
+|Φ−〉12 (−β|0〉3 + α|1〉3)

}
(62)

1 2

4

BS

2

1

同時検出 ⇒ 

24: 2

24 3

|Ψ+〉12 → α|0〉3 + β|1〉3 = |ψ〉3,
|Ψ−〉12 → α|0〉3 − β|1〉3 = σ1|ψ〉3,
|Φ+〉12 → β|0〉3 + α|1〉3 = σ2|ψ〉3,
|Φ−〉12 → −β|0〉3 + α|1〉3 = σ2σ1|ψ〉3

(63)

σi

|Ψ+〉12
3 |ψ〉3

1 |ψ〉1
1 3
25

3 |ψ〉3

1

26

3.6

4

1 |Ψ+〉

24 4 1
1/4

25 1,2
1

1
26 |Ψ+〉
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BSM

2

1

3

BS
同時
検出

25:

24 50%:50%

ω

2.3 Hong-Ou-Mandel

16

4

(51)

|Φ+〉, |Φ−〉 |Ψ−〉 2

|Ψ+〉
1 2

4 2 2

|Ψ+〉
2 2

|Ψ+〉
27 4

1 |Ψ+〉

25

|Ψ+〉23
2 3 (|ψ〉1)

1 2

(BS)

1/4

27 |Ψ−〉
[59], [60] 1 2

1,2
1 2

H(p)
|Ψ−〉

BSM

2

1

0

3

BS
同時
検出

26:

|Ψ+〉12
1 (|ψ〉1) 3 (|ψ〉3)

[60]
28 type-II SPDC 17

2

1

1 1

3 3

1

29

26

[61]

2 0 1

1

3 0

1 0

3

0 3

28

29 1 2 BS
1/4

1 2 1
2 BS

1/2
2, 3

3
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[5] T. Basché, W. E. Moerner, M. Orrit, and

H. Talon: “Photon antibunching in the fluo-

rescence of a single dye molecule trapped in a

solid” Phys. Rev. Lett. 69 (1992) 1516.

[6] B. Lounis and W. E. Moerner: “Single pho-

tons on demand from a single molecule at room

temperature” Nature 407 (2000) 491.

[7] R. Brouri, A. Beveratos, J.-P. Poizat, and

P. Grangier: “Photon antibunching in the flu-

orescence of individual color centers in dia-

mond” Opt. Lett. 25 (2000) 1294.

[8] A. Imamoglu, P. Michler, M. D. Mason, P. J.

Carson, G. F. Strouse, and S. K. Buratto:

“Quantum correlation among photons from a

single quantum dot at room temperature” Na-

ture 406 (2000) 968.

[9] P. Michler: “A Quantum Dot Single-Photon

Turnstile Device” Science 290 (2000) 2282.

[10] C. Santori, M. Pelton, G. Solomon, Y. Dale,

and Y. Yamamoto: “Triggered Single Photons

from a Quantum Dot” Phys. Rev. Lett. 86

(2001) 1502.

[11] S. Masuo, A. Masuhara, T. Akashi, M. Mu-

ranushi, S. Machida, H. Kasai, H. Nakanishi,

H. Oikawa, and A. Itaya: “Photon Antibunch-

ing in the Emission from a Single Organic Dye

Nanocrystal” Jpn. J. Appl. Phys. 46 (2007)

L268.

[12] D. F. Walls: “Evidence for the quantum nature

of light” Nature 280 (1979) 451.

[13] R. Loudon: “Non-classical effects in the statis-

tical properties of light” Rep. Prog. Phys. 43

(1980) 913.

[14] B. Lounis and M. Orrit: “Single-photon

sources” Rep. Prog. Phys. 68 (2005) 1129.

[15] I. Aharonovich, D. Englund, and M. Toth:

“Solid-state single-photon emitters” Nat. Pho-

ton, 10 (2016) 631.

[16] M. Nirmal, B. O. Dabbousi, M. G. Bawendi,

J. J. Macklin, J. K. Trautman, T. D. Harris,

and L. E. Brus: “Fluorescence intermittency in

single cadmium selenide nanocrystals” Nature

383 (1996) 802.

[17] B. Lounis, H. A. Bechtel, D. Gerion,

P. Alivisatos, and W. E. Moerner: “Photon

antibunching in single CdSe/ZnS quantum dot

fluorescence” Chem. Phys. Lett. 329 (2000)

399.

[18] N. Abe, Y. Mitsumori, M. Sadgrove, and

K. Edamatsu: “Dynamically unpolarized

《講義ノート》 物性研究・電子版 Vol. 10, No. 1, 101208(2022年3月号)



single-photon source in diamond with intrinsic

randomness” Sci. Rep. 7 (2017) 46722.

[19] Z. Yuan: “Electrically Driven Single-Photon

Source” Science 295 (2001) 102.

[20] K. Takemoto, Y. Sakuma, S. Hirose, T. Usuki,

N. Yokoyama, T. Miyazawa, M. Takatsu, and

Y. Arakawa: “Non-classical Photon Emission

from a Single InAs/InP Quantum Dot in the

1.3-μm Optical-Fiber Band” Jpn. J. Appl.

Phys. 43 (2004) L993.

[21] T. Miyazawa, K. Takemoto, Y. Sakuma, S. Hi-

rose, T. Usuki, N. Yokoyama, M. Takatsu, and

Y. Arakawa: “Single-Photon Generation in the

1.55-μmOptical-Fiber Band from an InAs/InP

Quantum Dot” Jpn. J. Appl. Phys. 44 (2005)

L620.

[22] K. Takemoto, M. Takatsu, S. Hirose,

N. Yokoyama, Y. Sakuma, T. Usuki,

T. Miyazawa, and Y. Arakawa: “An op-

tical horn structure for single-photon source

using quantum dots at telecommunication

wavelength” J. Appl. Phys. 101 (2007) 081720.

[23] C. Kurtsiefer, S. Mayer, P. Zarda, and H. We-

infurter: “Stable Solid-State Source of Single

Photons” Phys. Rev. Lett. 85 (2000) 290.

[24] I. Aharonovich, S. Castelletto, D. A. Simp-

son, C.-H. Su, A. D. Greentree, and S. Prawer:

“Diamond-based single-photon emitters” Rep.

Prog. Phys. 74 (2011) 076501.

[25] D. F. Walls and G. J. Milburn: Quantum Op-

tics (Springer-Verlag, Berlin Heidelberg, 2008)

2nd ed.

[26] C. K. Hong, Z. Y. Ou, and L. Mandel: “Mea-

surement of subpicosecond time intervals be-

tween two photons by interference” Phys. Rev.

Lett. 59 (1987) 2044.

[27] K. Edamatsu, R. Shimizu, and T. Itoh:

“Measurement of the Photonic de Broglie

Wavelength of Entangled Photon Pairs Gen-

erated by Spontaneous Parametric Down-

Conversion” Phys. Rev. Lett. 89 (2002) 97.

[28] R. Shimizu and K. Edamatsu: “High-flux and

broadband biphoton sources with controlled

frequency entanglement” Opt. Exp. 17 (2009)

16385.

[29] J. Jacobson, G. Björk, I. Chuang, I. Chuang,

and Y. Yamamoto: “Photonic de Broglie

Waves” Phys. Rev. Lett. 74 (1995) 4835.

[30] M. Mitchell, J. Lundeen, and A. Steinberg:

“Super-resolving phase measurements with

a multiphoton entangled state” Nature 429

(2004) 161.

[31] P. Walther, J.-W. Pan, M. Aspelmeyer,

R. Ursin, S. Gasparoni, and A. Zeilinger: “De

Broglie wavelength of a non-local four-photon

state” Nature 429 (2004) 158.

[32] F. W. Sun, B. H. Liu, Y. F. Huang, Z. Y.

Ou, and G. C. Guo: “Observation of the

four-photon de Broglie wavelength by state-

projection measurement” Phys. Rev. A 74

(2006) 033812.

[33] T. Nagata, R. Okamoto, J. L. O’Brien,

K. Sasaki, and S. Takeuchi: “Beating the

Standard Quantum Limit with Four-Entangled

Photons” Science 316 (2007) 726.

[34] M. Yabuno, R. Shimizu, Y. Mitsumori,

H. Kosaka, and K. Edamatsu: “Four-photon

quantum interferometry at a telecom wave-

length” Phys. Rev. A 86 (2012) 010302.

[35] I. Afek, O. Ambar, and Y. Silberberg: “High-

NOON States by Mixing Quantum and Clas-

sical Light” Science 328 (2010) 879.

[36] I. Afek, O. Ambar, and Y. Silberberg: “Classi-

cal Bound for Mach-Zehnder Superresolution”

Phys. Rev. Lett. 104 (2010) 123602.

[37] G. Y. Xiang, H. F. Hofmann, and G. J. Pryde:

“Optimal multi-photon phase sensing with a

《講義ノート》 物性研究・電子版 Vol. 10, No. 1, 101208(2022年3月号)



single interference fringe” Sci. Rep. 3 (2013)

145.

[38] A. N. Boto, P. Kok, D. S. Abrams, S. L.

Braunstein, C. P. Williams, and J. P. Dowling:

“Quantum Interferometric Optical Lithogra-

phy: Exploiting Entanglement to Beat the

Diffraction Limit” Phys. Rev. Lett. 85 (2000)

2733.

[39] P. Grangier, G. Roger, and A. Aspect: “Exper-

imental Evidence for a Photon Anticorrelation

Effect on a Beam Splitter: A New Light on

Single-Photon Interferences” Europhys. Lett. 1

(1986) 173.

[40] A. Einstein, B. Podolsky, and N. Rosen: “Can

Quantum-Mechanical Description of Physical

Reality Be Considered Complete?” Phys. Rev.

47 (1935) 777.

[41] A. Aspect, P. Grangier, and G. Roger: “Exper-

imental Tests of Realistic Local Theories via

Bell’s Theorem” Phys. Rev. Lett. 47 (1981)

460.

[42] A. Aspect, P. Grangier, and G. Roger: “Ex-

perimental Realization of Einstein-Podolsky-

Rosen-Bohm Gedankenexperiment: A New Vi-

olation of Bell’s Inequalities ” Phys. Rev. Lett.

49 (1982) 91.

[43] Z. Y. Ou and L. Mandel: “Violation of Bell’s

Inequality and Classical Probability in a Two-

Photon Correlation Experiment” Phys. Rev.

Lett. 61 (1988) 50.

[44] Y. H. Shih and C. O. Alley: “New Type

of Einstein-Podolsky-Rosen-Bohm Experiment

Using Pairs of Light Quanta Produced by Op-

tical Parametric Down Conversion” Phys. Rev.

Lett. 61 (1988) 2921.

[45] P. G. Kwiat, E. Waks, A. G. White, I. Ap-

pelbaum, and P. H. Eberhard: “Ultra-

bright source of polarization-entangled pho-

tons” Phys. Rev. A 60 (1999) R773.

[46] B.-S. Shi and A. Tomita: “Generation of a

pulsed polarization entangled photon pair us-

ing a Sagnac interferometer” Phys. Rev. A 69

(2004) 013803.

[47] W. Ueno, F. Kaneda, H. Suzuki, S. Nagano,

A. Syouji, R. Shimizu, K. Suizu, and

K. Edamatsu: “Entangled photon generation

in two-period quasi-phase-matched parametric

down-conversion” Opt. Exp. 20 (2012) 5508.

[48] H. Takesue and K. Inoue: “Generation of

polarization-entangled photon pairs and vio-

lation of Bell’s inequality using spontaneous

four-wave mixing in a fiber loop” Phys. Rev.

A 70 (2004) 031802.

[49] O. Benson, C. Santori, M. Pelton, and Y. Ya-

mamoto: “Regulated and Entangled Photons

from a Single Quantum Dot” Phys. Rev. Lett.

84 (2000) 2513.

[50] C. Santori, D. Fattal, M. Pelton, G. S.

Solomon, and Y. Yamamoto: “Polarization-

correlated photon pairs from a single quantum

dot” Phys. Rev. B 66 (2002) 045308.

[51] R. M. Stevenson, R. J. Young, P. Atkinson,

K. Cooper, D. A. Ritchie, and A. J. Shields:

“A semiconductor source of triggered entan-

gled photon pairs” Nature 439 (2006) 179.

[52] N. Akopian, N. H. Lindner, E. Poem,

Y. Berlatzky, J. Avron, D. Gershoni, B. D.

Gerardot, and P. M. Petroff: “Entangled Pho-

ton Pairs from Semiconductor Quantum Dots”

Phys. Rev. Lett. 96 (2006) 130501.

[53] C. L. Salter, R. M. Stevenson, I. Farrer, C. A.

Nicoll, D. A. Ritchie, and A. J. Shields: “An

entangled-light-emitting diode” Nature 465

(2010) 594.

[54] K. Edamatsu, G. Oohata, R. Shimizu, and

T. Itoh: “Generation of ultraviolet entan-

gled photons in a semiconductor” Nature 431

(2004) 167.

《講義ノート》 物性研究・電子版 Vol. 10, No. 1, 101208(2022年3月号)



[55] G. Oohata, R. Shimizu, and K. Edamatsu:

“Photon Polarization Entanglement Induced

by Biexciton: Experimental Evidence for Vi-

olation of Bell’s Inequality” Phys. Rev. Lett.

98 (2007) 140503.

[56] D. F. V. James, P. G. Kwiat, W. J. Munro, and

A. G. White: “Measurement of qubits” Phys.

Rev. A 64 (2001) 399.

[57] W. K. Wootters: “Entanglement of Formation

of an Arbitrary State of Two Qubits” Phys.

Rev. Lett. 80 (1998) 2245.

[58] C. H. Bennett, G. Brassard, C. Crépeau,
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