
AC
AC

AC

1

[1–3]

[4–7]

[8]

( )

( )

[7,9–12] [1,13–21] [22–25]

( 19 )

(i)

(ii) ( )

( )
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2

[1–3]

( )

( ) c (

) ( )

( )

3

2.1

� = 1

T = 2π/ω (ω

) Ĥ(t+ T ) = Ĥ(t)

i∂tΨ(t) = Ĥ(t)Ψ(t)

Ψ(t) = exp(−iεt)Φ(t) (1)

Φ(t) Φ(t+ T ) = Φ(t) ε

e−iεt( )

[26,27]

[28] T

Û(t+ T, t) ≡ T
[
exp

(
− i

�

∫ t+T

t

dτĤ(τ)
)]

(2)

T Û(t + T, t) = Û(t + (n + 1)T, t + nT )

(n ∈ Z) i∂tΨ(t) = Ĥ(t)Ψ(t)

i∂tΨ(t+ T ) = Ĥ(t+ T )Ψ(t+ T ) = Ĥ(t)Ψ(t+ T ) Ψ(t) Ψ(t+ T )
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Ψ(t) Ψ(t+ T ) = cTΨ(t) cT Û(t+ T, t)

Û(t+ T, t)

[Û(t+ T, t), Ĥ(t)] = 0 Ĥ(t) Û(t+ T, t)

Û(t+ (m+ n)T, t+mT )Û(t+mT, t) = Û(t+mT, t)Û(t+ (m+ n)T, t+mT )

= Û(t+ T, t)m+n

= Û(t+ (m+ n)T, t) (3)

Û(t + T, t) cnT cmT = cmT cnT = c(m+n)T = cm+n
T

cT cT = e−iεT

Ψ(t)

Ψ(t+ T ) = e−iεTΨ(t) (4)

Φ(t) = eiεtΨ(t) Φ(t)

Φ(t+ T ) = eiε(t+T )Ψ(t+ T ) = eiε(t+T )e−iεTΨ(t) = eiεtΨ(t) = Φ(t) (5)

(1) ( )

Ĥ(t+ T ) = Ĥ(t) Φ(t+ T ) = Φ(t)

Ĥ(t) Φ(t)

Ĥ(t) =
∑
m∈Z

e−imωtĤm, Φ(t) =
∑
m∈Z

e−imωtΦm, (6)

Ĥm = T−1

∫ T

0

dt eimωtĤ(t), Φm = T−1

∫ T

0

dt eimωtΦ(t), (7)

(1) {Ĥm} {Φm}

∑
n∈Z

(Ĥm+n −mωδm,n)Φn = εΦm (8)

{Ĥm} {Φm} ε( )

ε Û(t+ T, t) e−iεT

− π
T = −�ω

2 ≤ ε < �ω
2 = π

T

ε t

(8)⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

. . .
. . .

. . .
. . .

· · · Ĥ0 − 2�ω Ĥ1 Ĥ2 Ĥ3 · · ·
· · · Ĥ−1 Ĥ0 − �ω Ĥ1 Ĥ2 Ĥ3 · · ·
· · · Ĥ−2 Ĥ−1 Ĥ0 Ĥ1 Ĥ2 · · ·
· · · Ĥ−3 Ĥ−2 Ĥ−1 Ĥ0 + �ω Ĥ1 · · ·

· · · Ĥ−3 Ĥ−2 Ĥ−1 Ĥ0 + 2�ω · · ·
. . .

. . .
. . .

. . .

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

...

Φ2

Φ1

Φ0

Φ−1

Φ−2

...

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

= ε

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

...

Φ2

Φ1

Φ0

Φ−1

Φ−2

...

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(9)
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��
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� � � ��� � �	

�
�
�
�

1: ε

� Φn

1

�ω ( )

(9) 1 ( ) �ω

( ) · · · ,Φ−2,Φ−1,Φ0,Φ1,Φ2, · · · · · · , 2, 1, 0,−1,−2, · · ·
n Ĥ0 +n�ω

Ĥ0 = T−1
∫ T

0
dtĤ(t)

n 2 Ĥ±n

1

t (8) (9)

n

1

2.2 ( )

(8)(9) ( )

[18](

) (9) 1 [29]

Φn Ψ(t) |Φn〉 |Ψ(t)〉
�ω ( {Ĥn} )

1 �ω

Ĥ±n n (

)

n�ω

ε n�ω

d

{|Φn〉j} (j = 1, 2, · · · , d) n

P̂−n =
∑d

j=1 |Φ−n〉jj〈Φ−n|
m n P̂−n = P̂−m n |Φ−n〉j
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|n〉 |Φ〉j |n〉 |Φ〉j
(9) n

Ĥ0 Ĥ0|n〉〈n| n n+m Ĥm(m �= 0) Ĥm|n+m〉〈n|

1 Ĥ(1) ≡ P̂−nĤ0P̂−n = Ĥ0

( )

2

Ĥ(2) = P̂−n

∞∑
m=1

⎛
⎝∑

j

Ĥ+m|Φ−(n+m)〉jj〈Φ−(n+m)|Ĥ−m

n�ω − (n+m)�ω
+
∑
j

Ĥ−m|Φ−(n−m)〉jj〈Φ−(n−m)|Ĥ+m

n�ω − (n−m)�ω

⎞
⎠ P̂−n (10)

P̂−(n±m) Ĥ±m

( |n±m〉〈n±m| )

Ĥ(2) = P̂−n

∞∑
m=1

(
−Ĥ+mĤ−m

m�ω
+

Ĥ−mĤ+m

m�ω

)
P̂−n = −

∞∑
m=1

[Ĥ+m, Ĥ−m]

m�ω
(11)

2 m Ĥ±m

2

Ĥeff = Ĥ0 −
∞∑

m=1

[Ĥ+m, Ĥ−m]

m�ω
+O((�ω)−2) (12)

1 Ĥ0

2 1/ω

( ) 1

( )

(9)

ε Û(t+ T, t) e−iεT

Ĥeff

exp(−iĤeffT ) = T
[
exp

(
− i

�

∫ t0+T

t0

dτĤ(τ)
)]

= Û(t0 + T, t0) (13)

1/ω Ĥeff

3 [16–18]

Û(t2, t1) = exp(−iĜ(t2)) exp
[
− iĤ (t2 − t1)

]
exp(iĜ(t1)) (14)

Ĝ(t) (Ĝ(t) = Ĝ(t + T )) exp(±iĜ(t)) T ( )

Ĝ(t) kick Ĥ T

(14) Ĥ (12)

(14) Ĥ t1

kick Ĝ(t)
∫ T

0
dtĜ(t) = 0 Ĥ
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(14) Ĥ =
∑∞

k=0 Ĥ(k) Ĝ(t) =
∑∞

k=1 Ĝ
(k)(t)

(k) 1/ωk Ĥ ω Ĥ(0) Ĥ0 1/ω Ĥ(1)

(11) Ĥ(2) 1/ω2

Ĥ(2) =
∞∑

m=−∞
(m �=0)

[[Ĥ−m, Ĥ0], Ĥm]

2m2(�ω)2
+

∞∑
m=−∞
(m �=0)

∞∑
n=−∞
(n�=0,m)

[[Ĥ−m, Ĥm−n], Ĥn]

3mn(�ω)2
(15)

Ĝ(t)

iĜ(1)(t) = −
∞∑

m=−∞
(m �=0)

Ĥm

m�ω
e−imωt (16)

iĜ(2)(t) =
∞∑

m=−∞
(m �=0)

[Ĥm, Ĥ0]

m2(�ω)2
e−imωt +

∞∑
m=−∞
(m �=0)

∞∑
n=−∞
(n�=0,m)

[Ĥn, Ĥm−n]

2mn(�ω)2
e−imωt (17)

[18]

2.3

Ĥeff( (12) (15))

Ĥeff

Ĥeff

Ĥeff kick Ĝ(t)

[A] Ĥeff Ĝ(t)

(

) 1/ωq

Ĥq ≡ ∑q
k=0 Ĥ(k) [30, 31] (i)AC

A
�ω � A q q0 ∝ �ω/A (ii)AC

τ1 ∼ exp[O(�ω/A)]�/A Ĥq<q0 (iii)τ1 τ2

Û(t2, t1) ≈ exp
[
− iĤq<q0 (t2 − t1)

]
(18)

(i)-(iii)

Ĥq<q0 (i)-(iii)

(13) Ĥeff (

)

(i)-(iii) [30,31] [1]

[B]
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(Eigenstate thermalization hypothesis: ETH) [32–35]

( )

[A] τ2

Ĥq Ĥq

Ĥq<q0

τ2 Ĥq<q0

[C] ( (12) (15))

A/(�ω) A

( τ2

) ( )

Ĥ(0)(1)(2)

A/(�ω) (12) (15)

(12) (15)

A/(�ω)

( )

�ω A

( 2.5 ) A 2

A

[D] [A][B][C]

[36, 37]

[E] exp(−iĤq<q0 (t2 − t1)) (14)

Û(t2, t1) ≈ exp(−iĜp(t2)) exp
[
− iĤq<q0 (t2 − t1)

]
exp(iĜp(t1)) (19)

T

Ĝp(t) Ĝ(t) 1/ωp Ĝp(t) =
∑p

k=1 Ĝ
(k)(t)

(14)

Hq<q0
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2.4

(

) i∂tΨ(t) = Ĥ(t)Ψ(t)

Û(t) i∂tΨU (t) = ĤU (t)ΨU (t)
ΨU (t) = Û(t)Ψ(t)

ĤU (t) = Û(t)Ĥ(t)Û†(t)− iÛ(t)
(
∂tÛ†(t)

)
(20)

Û(t) (i)

ĤU (t) (ii)

ĤU (i) (

) ( )

[1] (ii)

( )

[38]

= [19,39]

1 ω (ii)

Ĥspin(t) = −BzŜ
z −A(t) · Ŝ

= −BzŜ
z − A

2

(
Ŝ+e−iωt + Ŝ−eiωt

)
(21)

Ŝ = (Ŝx, Ŝy, Ŝz) = 1
2 (σ̂

x, σ̂y, σ̂z) (S=1/2) (

) 2 Ŝ± = Ŝx ± iŜy 1 Ŝz

Bz = gμBHz (g g μB Hz ) 2 Ŝz

AC AC A(t)

A(t) = A(cos(ωt), sin(ωt), 0) (22)

A = gμBHac Hac AC

(GHz=109Hz) (THz=1012Hz)

(21) THz

( 2.5.2 )

(21) Sx-Sy

Ŝz ω

Û(t) = exp(iŜzωt) (23)

ĤU = −BzŜ
z −AŜx − �ωŜz = −BU · Ŝ (24)
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2: ω

BU = (A, 0, Bz + �ω)

Ŝx A Ŝz
�ω

Sz U(1)

1THz �ω 36[T] (2.5.2

) 10[T] 10[T]

(23) THz

�ω

(23)

AC

[66] (23) THz AC

THz [19,39]

2.5

2.5.1

( )

[41] 1

[16,17]
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[1]

[i]

1

[ii]

[iii] A B

B

B

2.5.2

3 ( ) ( ) (

) (GHz=109Hz) (THz=1012Hz) (1GHz∼10THz )

(MHz=106Hz) ( )

THz (1 ∼ 100THz ) (0.1 ∼ 10PHz )

MHz GHz

[4–7]

[1–3]

THz (0.1-10THz ) [1,19]

THz [42–45]
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�34567

8-9:

���

��

���

��

������
�

��

.�"�#;"<

<=7�#;"<

�>�?3

3: ( ) ( ) [1, 21]

sin (continuous wave: CW)

CW

1 THz

(

) 1

1[MV/cm] AC 0.3[T]

1[MV/cm]=10−2[V/Å] −13.6/n2[eV](n = 1, 2, 3, · · · )
1[MV/cm]

1/10 1/100 ( )

10-100[K](10-100[T]) 1[MV/cm] 0.3[T]

( ) 1/10 1/100

1[MV/cm] 1-10[MV/cm]

CW THz 1-10[MV/cm]

10[MV/cm] ( 1[MV/cm])

1 2 [21,46]

2.3 CW

3

2

《講義ノート》 物性研究・電子版 Vol. 10, No. 1, 101210(2022年3月号)



THz GHz

, ω/(2π) 1012 Hz 109 Hz

, �ω 4.1meV 4.1μeV

, T = �ω/kB 48K 48mK

, B0 = �ω/gμB 36T 36mT

, E0 = cB0 107MV/cm 107 kV/cm

( 2), E1 = �ω/(eaB) 0.8MV/cm 0.8 kV/cm

1: GHz THz [21, 46] kB g = 2
g μB e aB

E0 =1MV/cm

, B0 0.33T

, I 1.3×109 W/cm2=1.3 GW/cm2

2: 1[MV/cm] [21,46]

4

3.1

tight-binding

Ĥ = −t
∑
〈r,r′〉

(
eiφr,r′ (t)f̂†

r f̂r′ + e−iφr,r′ (t)f̂†
r′ f̂r

)
(25)

f̂†
r f̂r r t r r′ (

)

eiφr,r′ (t) AC A(r, t)

φr,r′(t) = − e

�c

∫ r′

r

dx ·A(x, t) (26)

c e(> 0) φ(r, t) = 0 AC

E(r, t) = − 1
c∂tA(r, t) E(r, t) = E0(cos(ωt), 0, 0)

A(t) = − c
ωE0(sin(ωt), 0, 0) φr,r′(t) =

− eE0

�ω ex · (r − r′) sin(ωt) ex x 2.4

( ) 1[eV]

1[eV] (

) ( 3 )

Ĥ0

Ĥ0 = −t
∑
〈r,r′〉

J0(αr,r′)(f̂†
r f̂r′ + f̂†

r′ f̂r) (27)
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(a) (b)

 !�	
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"#�	
�	

����
� "#�	

�	
����

�

 !�	
�	

����
�

$
 % 	�


�
�

$
&'&	�


�
�

4:

J0(z) =
1
T

∫ T/2

−T/2
dteiz sin(ωt) = J0(−z) 1 αr,r′ =

− eE0

�ω ex · (r−r′) t tJ0(αr,r′)

J0(αr,r′) J0(0) = 1 αr,r′ αr,r′ ≈ 2.4 ex · (r− r′)
( Å) αr,r′ E0

(27) ( )

[47, 48]

αr,r′ ∼ 2.4 ( AC

)

�ω ∼ 4.1[eV] ( ω/(2π) = 1[PHz]) ax = ex · (r − r′)
10Å eE0ax/(4.1[eV]) ∼ 2.4 80[MV/cm]

10

[2,49]

[50]

φr,r′(t) AC E0 eiφr,r′ (t)

4 E0 ( (a)) Re[eiφr,r′ (t)] 1

t〈Re[eiφr,r′ (t)]〉 E0 ( (b))

Re[eiφr,r′ (t)]

[2]

3.2

3.1 tight-binding

Ĥ0 (1/ω ) 2 massless

mass gap (

)

[51–53] [57–60]

[51,52]

[54,55] [56]

5 ( )

2 A B
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A B

2

5: ( ) ( ) it2
( 3.2 ) ( )

( )

6: di ai

Ĥ = −t1
∑
〈r,r′〉

c†rcr′ + μs

[∑
r∈A

a†rar −
∑
r∈B

b†rbr

]
(28)

cr r A B ar = cr∈A br = cr∈B

1 μs 2

( )

μs = 0 K K ′

massless [61]

dj aj(j = 1, 2, 3) 6 a0 1 dj

aj

d1 = (0, 1, 0) , d2 =

(√
3

2
,−1

2
, 0

)
, d3 =

(
−
√
3

2
,−1

2
, 0

)
. (29)

a1 =

(√
3

2
,
3

2
, 0

)
, a2 =

(√
3

2
,−3

2
, 0

)
, a3 =

(
−
√
3, 0, 0

)
. (30)

|di| = 1
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AC

A(t) = A (cosωt, sinωt, 0) (31)

AC E(t) = E0(− sinωt, cosωt, 0) A = − c
ωE0 A(t)

( )

ĤK(t) = −t1
∑
r∈A

∑
j=1,2,3

e−i e
�cdj ·A(t) a†r br+dj

+ h.c.

= −t1
∑
r, j

e−i e
�cA cos(ωt−βj) a†r br+dj

+ h.c. (32)

h.c. 2
∑

r∈A

∑
j=1,2,3 =

∑
r, j 2

dj ·A(t) = A cos(ωt−βj) βj dj x

− e
�cA → A Ĥn

eix sinφ =
∑∞

n=−∞ Jn(x)e
inφ eix cosφ =

∑∞
n=−∞ inJn(x)e

inφ

(32)

ĤK(t) = −t1
∑
r, j

∑
n∈Z

inJn(A) einωt−inβj a†r br+dj
+ h.c.

= −t1
∑
r, j

∑
n∈Z

i−n einβjJn(A)
[
(−1)n a†r br+dj

+ b†r+dj
ar

]
e−inωt. (33)

Ĥn

Ĥ0 = −t1J0(A)
∑
〈r,r′〉

c†rcr′ + μs

[∑
r∈A

a†rar −
∑
r∈B

b†rbr

]
(34)

Ĥn�=0 = −t1i
−nJn(A)

∑
r, j

einβj

[
(−1)na†rbr+dj

+ b†r+dj
ar

]
(35)

1/ω

∞∑
n=1

[Ĥ−n, Ĥn]

nω
=

∞∑
n=1

t21Jn(A)J−n(A)

nω

×
∑

r,r′,j,j′
e−in(βj−β′

j)
[(

(−1)−na†r br+dj
+ b†r+dj

ar

)
,
(
(−1)n a†r′ br+dj

+ b†r′+dj′
ar′

)]

=

∞∑
n=1

t21J
2
n(A)

nω

∑
r,j,j′

e−in(βj−β′
j)
[
a†r+dj′−dj

ar − b†r+dj′
br+dj

− a†r+dj−dj′
ar + b†r+dj

br+dj′

]

= −2i

∞∑
n=1

t21J
2
n(A)

nω

∑
r,j,j′

sin ((βj′ − βj)n)
[
a†r+dj−dj′

ar − b†r+dj
br+dj′

]
(36)

�ω → ω dj−dj′ = ±as(s = 1, 2, 3) βj′−βj = ± 2π
3

∞∑
n=1

[H−n, Hn]

nω
= −2i

∞∑
n=1

t21J
2
n(A)

nω
sin

(
2πn

3

) ∑
〈〈r,r′〉〉

τrr′ c†rcr′ (37)
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∑
〈〈r,r′〉〉 τrr′ ≡ ±1 6

r′ → r 3

Ĥeff = − teff1
∑
〈r,r′〉

c†rcr′ + iteff2
∑

〈〈r,r′〉〉
τrr′ c†rcr′ + μs

∑
r

[
a†rar − b†rbr

]
(38)

teff1 = t1J0(A), teff2 = −2

∞∑
n=1

t21J
2
n(A)

nω
sin

(
2πn

3

)
(39)

ω −ω

teff2

ω → −ω

1/ω

[57] ( 5 ) (38)

[62]( )

[62]

ĤH = −t1
∑
〈r,r′〉

c†rcr′ + t2
∑

〈〈r,r′〉〉
eiφτrr′ c†rcr′ + μs

[∑
r∈A

a†rar −
∑
r∈B

b†rbr

]

= −t1
∑

r∈B,j

b†r+dj
ar + t2

∑
r,j

[
eiφ a†r+aj

ar + e−iφ b†r+aj
br

]
+ μs

[∑
r∈A

a†rar −
∑
r∈B

b†rbr

]
(40)

1,2,3 t2e
iφτrr′

( )

ar =
1√
N

∑
k∈BZ

e−ik·rak, br =
1√
N

∑
k∈BZ

e−ik·rbk, (41)

N k
∑

k∈BZ (BZ)

2× 2

ĤH =
∑
k∈BZ

(
a†k b†k

)
Hk

(
ak

bk

)
, where Hk = h

(0)
k σ0 +

3∑
�=1

h
(�)
k σ�. (42)

Hk 2× 2 σ0 σ1,2,3 h
(�)
k (� = 0, 1, 2, 3)
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0
3 3

3 3
7: (φ, μs/t2) 2

h
(0)
k = 2t2 cosφ

3∑
j=1

cos (k · aj) (43)

h
(1)
k = −t1

∑
j

cos (k · dj) = 4t1

⎛
⎝ 1

4
−

∏
j

cos
k · dj

2

⎞
⎠ (44)

h
(2)
k = −t1

∑
j

sin (k · dj) = 4t1
∏
j

sin
k · dj

2
(45)

h
(3)
k = μs + 2t2 sinφ

∑
j

sin (k · aj) (46)

(44),(45) d3 = −d1 − d2 2

ε±k = h
(0)
k ±

√∣∣∣h(1)
k

∣∣∣2 + ∣∣∣h(2)
k

∣∣∣2 + ∣∣∣h(3)
k

∣∣∣2 (47)

2 ( ) , h
(1)
k = h

(2)
k = h

(3)
k = 0

h
(2)
k = 4t1

∏
j sin

k·dj

2 = 0

k j k · dj = 0 k dj

h
(1)
k = 4t1

(
1
4 − ∏

j cos
k·dj

2

)
= 0 |k| = 4π

3
√
3

k 6

kj(j = 1, 2, 3) kj · aj =
4π
3 kj · aj′ = − 2π

3 (j′ �= j) 6 k = ±kj

k = ±kj h
(3)
k = μs ± 3

√
3t2 sinφ∣∣∣∣μs

t2

∣∣∣∣ = 3
√
3 | sinφ| (48)

7 2 [57]

( ) ±1

( )

( )
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(38)

(μs � 0) t1 t2e
iφτrr′ teff1

iteff2 τrr′ (38) φ = ±π/2

teff2

teff2 ∼ t21A
2

ω
∼ t1

t1(eE0a0)
2

(�ω)3
(49)

|A| = |cE0/ω| E0 �,e,c

a0 |�ω| � |eE0a0|, |t1| |teff2 | |t1|
|μs/t

eff
2 | < 3

√
3

7

[63]

3.3

2.4

( )

(

)

2.4 THz

[39,64]

[65–67] Pershan [66]

2

[68–72]

tight-binding

[73] 2 (x-y )

Ĥ = ĤK + Ĥso (50)

ĤK = −t1
∑
r

∑
σ=↑↓

∑
j=x,y

c†r+ej ,σcr,σ + h.c. (51)

Ĥso = −α

2

∑
r,σ,σ′

(
i(σy)σσ′ c†r+ex,σcr,σ′ − i(σx)σσ′ c†r+ey,σ cr,σ′

)
+ h.c. (52)

cr,σ r σ(=↑ or ↓) a0 1 x

y ex = (1, 0) ey = (0, 1) 1 ĤK

( ) 2 Ĥso [74,75] α

( ) (σa)σσ′ σa(a = x, y, z) σσ′ Ĥso

(a0 → 0) 1

α (p× σ)z = −α (i σy ∂x − i σx∂y) (53)
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↑ ↓

A(t) = A (− sinωt, cosωt, 0) (54)

AC E(t) = E0(cosωt, sinωt, 0) A = c
ωE0

AC

c†r+ej
cr �→ ei

e
�cA(t)·ej c†r+ej

cr (55)

− e
�cA → A

cr,σ =
1√
N

∑
k

eik·rck,σ, c†r,σ =
1√
N

∑
k

e−ik·rc†k,σ (56)

k N 2

2× 2

Ĥ(t) =
∑
k

(
c†k,↑ c†k,↓

)(
εk,A(t) γk,A(t)

γ∗
k,A(t) εk,A(t)

)(
ck,↑
ck,↓

)
(57)

εk,A(t) = −2t1 [cos(kx +Ax(t)) + cos(ky +Ay(t))] ,

γk,A(t) = α [i sin(kx +Ax(t)) + sin(ky +Ay(t))] (58)

e±iz sinωt e±iz cosωt

e±iz sinωt =
∑
n∈Z

(±1)nJn(z)e
inωt, e±iz cosωt =

∑
n∈Z

(±1)nJn(z)i
n einωt (59)

Jn(A)

εk,A(t) = −2t1
∑
n∈Z

[
in cos

(
kx − nπ

2

)
+ cos

(
ky +

nπ

2

)]
Jn(A)e

−inωt,

γk,A(t) = α
∑
n∈Z

[
in+1 sin

(
kx − nπ

2

)
+ sin

(
ky +

nπ

2

)]
Jn(A) e−inωt. (60)

Ĥn

Ĥn = Jn(A)
∑
k

(
c†k,↑, c

†
k,↓

)
h
(n)
k

(
ck,↑
ck,↓

)
(61)

2× 2 h
(n)
k

h
(n)
k↑↑ = h

(n)
k↓↓ = −2t1

[
in cos

(
kx − nπ

2

)
+ cos

(
ky +

nπ

2

)]
, (62)

h
(n)
k↑↓ =

(
h
(−n)
k↓↑

)∗
= α

[
in+1 sin

(
kx − nπ

2

)
+ sin

(
ky +

nπ

2

)]
(63)
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1/ω Ĥ0

Ĥ0 =J0(A)
∑
k

(
c†k,↑, c

†
k,↓

)(
εk γk

γ∗
k εk

)(
ck,↑
ck,↓

)
(64)

εk = εk,A=0 γk = γk,A=0 1/ω

∞∑
n=1

[Ĥ−n, Ĥn]

nω
=

∞∑
n=1

(−1)nJ2
n(A)

nω

∑
kk′

∑
ijkl

h
(−n)
kij h

(+n)
k′kl

[
c†k,ick,j , c†k′,kck′,l

]

=
∑
k

∞∑
n=1

(−1)nJ2
n(A)

nω

(
c†k,↑, c†k,↓

) [
h
(−n)
k ,h

(+n)
k

]( ck,↑
ck,↓

)

=
1

2

∑
k

(
c†k,↑, c†k,↓

)(
Beff(k) 0

0 −Beff(k)

)(
ck,↑
ck,↓

)

=
∑
k

Beff(k)Ŝ
z
k (65)

� → 1 J−n(A) = (−1)nJn(A)

Ŝz
k

Ŝz
k =

1

2

(
c†k,↑, c†k,↓

)
σz

(
ck,↑
ck,↓

)
. (66)

1/ω Beff

Beff(k) = 2

(∣∣∣h(+n)
k↑↓

∣∣∣2 − ∣∣∣h(−n)
k↑↓

∣∣∣2)

= 8α2
∞∑

n=1

(−1)nJ2
n(A)

nω
cos

(n+ 1)π

2
sin

(
kx − nπ

2

)
sin

(
ky +

nπ

2

)
(67)

1/ω

( ) (ω → −ω)

α2

2

( )

( notation )

(67) ω → �ω A → − e
�cA = − eE0

�ω a0

|�ω| � |eE0a0|

Jn

(
eE0

�ω

)
� 1

n!

(
eE0

2�ω

)n

+O
((

eE0

2�ω

)n+2
)

(68)

(n ≥ 1)

Beff ∼ α
α(eE0a0)

2

(�ω)3
(69)

Beff k
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����

����

�	
��

�	
��

8: 2

3.4

( ) 2.5.2

GHz THz

( )

( ) ( )

( ) [76,77]

8

2 2 x-y z

Ĥ2spin(t) = Ĥmag −B(t) · Ŝ −E(t) · P̂ (70)

1 Ĥmag 2

Ĥmag Ŝ = Ŝ1 + Ŝ2 Ŝ1,2 2 P̂ 2

P̂

2 AC 3 AC

AC E(t) = E0(cos(ωt), sin(ωt), 0) AC

B(t) = B0(sin(ωt),− cos(ωt), 0) E0 AC B0 = gμBHac AC Hac = E0/c

AC (c ) (70) Ŝ P̂

[19,78] Ĥ2spin(t)

Ĥ0 = Ĥmag Ĥ±1 = − 1
2 (E0P̂

± ± iB0Ŝ
±) Ŝ± = Ŝx ± iŜy

P̂± = P̂ x ± iP̂ y 1/ω

Ĥeff = Ĥmag −
1

2�ω

[
B2

0 Ŝ
z − iE2

0 [P̂
x, P̂ y]− iE0B0([P̂

x, Ŝx] + [P̂ y, Ŝy])
]

(71)

2 1/ω Ŝz

2.4 THz

E2
0 E0B0
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P̂

[76,77]

V̂ = Ŝ1 × Ŝ2 ( ) [79]

P̂ = gmee12 × (Ŝ1 × Ŝ2) (72)

gme ω e12 = (cos θ, sin θ, 0) 2

( 8 ) ×
(72)

(DM)

P̂ = gme(sin θV̂
z,− cos θV̂ z, cos θV̂ y − sin θV̂ x) (71)

Ĥeff = Ĥmag −
B2

0

2�ω
Ŝz − gmeE0B0

2�ω
e12 · V̂ (73)

AC AC DM

DM 90

( )

(73) DM

(73) 1

[78]

DM Ŝr · Ŝr′(

)

[63]

3.5

3

( )

2.3

AC

4 AC
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4

2 3

2.3

AC

AC AC

AC

[7, 9–12, 80] [22–25, 81, 82]

2

[82,83]

4

4
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