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1 Ú ó

��Nþf²´dØÓ¤©���Ná�/

¤�É�((�, ´�a����NB�(�,

3Ä:ïÄÚì�¥��
2��A^. ù�a�

�Nì�äkp>f[£Ç!põÇOÃ!p�

Ç!$õÑ±9|>^Ë�Uår�A:. �X

nØïÄÚ��ó²�Øä?Ú, ��Nþf²ì

�3X�!Ï&!Ê�ÊU!Øó�!�^>f

�+��A^�5�2�, ~Xþf Hall �A�u

y [1] Ò´ÙA^����~y. �Xé�â[

Ë���\ïÄ, ��Nþf²3?é-1ì¥�

�^���À [2,3].

du��Nþf²�±ÏL1-u½>-u

/¤-f, Ïdé��Nþf²¥-fÄåÆ�n

Ø [4−7] Ú¢�ïÄ [8] �~7�. Ù¥|^�¯1

Æ�{é��Nþf²¥-f�ÄåÆ®²?1


Nõ¢�ïÄ, ~X�þf²3�â[|�^e,

du�â[|Úþf²f�m�ÍÜ¬�)éõ

Ôny�, X�6 Stark�A, ÃÔ[ - p�&��

A� [9]. �â[|�^uõþf²�1áÂ¢��

Úå
<�2��,� [10−12], ¢�(JL², �

þf²É�â[|�^�, ¬3áÂ>þÑyù£.

Cc5<�ò��Nþf²�1Æ�n�(Ü, é

1f�-f�r�p�^/¤�-f - 4zf�ï

Ä�32�mÐ [13,14].

3é1-y��N¥�¯y�?1�nØï

Ä [15−17] ¥, ��~^��{´±>fÚ�Ç�

�Ä:ïá�|�¹	51|��§ —— Í¶�

��N Bloch �§ (semiconductor Bloch equations).

ù��{�`³3u§�Ï^5, ý�õê�'

¢�Ñ�±^��N Bloch �§5?1ïÄ, �

��ù�Ï^5�":´¦^�þf��õ, �

�ê�O���E,, ¿�J±©Û�'¢��

Ôn��. �
;�±þ":, éõïÄölØÓ

�ÝJÑ�)-fÀÚz (bosonization)[18], é´

�ÎE| (commutation-technique)[19], ±9OÀÚ

f (quasi-Boson)�{ [17].

3�©¥, ·�ò0�-f�OÀÚf�{,

�Ñ·^u����NB�(��'u-f�Î
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�ÄåÆ�§. �§¥Ñy��X�XêØ�´

ê�¦)-fÄåÆ�§¤7I�, Ó��´n)

-f�Ýé�«Ônþ (X-fU?�-f�Ý�

Cz) �'�. �
¼�ù
Xê, I�����N

B�(�¥-f�Å¼ê9Ù3Äþ�m�L«.

Ïd·�±��Nþf²�~, �Ñ¦)n�Úý

¢þf²¥-fÅ¼ê FourierC�Xê�äNÚ

½. Cc5, �X�â[óÀEâ�?Ú [20], ké

õ�'¢�é��NB�(�¥-f�[?1


ïÄ. duù��[L§3é�§ÝþÉõN�p

�^�K� [21−24], ¤±ù��¡�nØïÄ�Ø

õ�, �'uXÛ?n-f�OÀÚ5 (-f´

d¤�f/¤�EÜâf) �kéõ�Æ [25]. �©

|^·�uÐ�OÀÚf�{, ò�ÑïÄõN�

^é-fU?�m�[K���«�{, o(¦^

ù��{���Ú½, ¿�ªé�â[�^e, ²

°� 14 nm,må� 10 nm� GaAsþf²(�¥

-fl 1s� 2p���[?1nØïÄ [24], &?ù

��[L§¥É-f�ÝK�e���5�A.

2 -fÄåÆ�§9ÙXê

3OÀÚf�{¥ [17], ·�¦^�|'u-

f�Î B†
µ �ÄåÆ�§5ïÄ��NB�(�

¥16f�ÄåÆL§. 3ù«�{¥·�Äk|

^ UsuiC� [26] ½ÂOÀÚf��)�Î [17]:

B†
k =OU

(

α†
kβ

†
−k

)

U †O†, (1)

ùp B†
k ´XÚ¥>f�Çé��)�Î, α†

k(β†
−k)

´>f (�Ç) ��)�Î,k ´>f�Çé¥>f

�Äþ. Usui C� U ÚüS�Î O éul Fermi

�Î�OÀÚf�Î B†
k �N�´7��. ÏL�

��KC�, �±l B†
k ��-f��)�Î:

B†
µ =

∑

k

ckµB
†
k, (2)

ùp µ �L-f�SÜU?, ~Xéuþf²¥�

-f�±k 1s, 2s, 2p��, ckµ �ÐmXê, §��

�±l-f�Å¼ê�� (e¡·�¬�Ñ��[

�)º). Ï� B†
k ¹k>fÚ�Ç, ÏØ´XÀ

Úf�Î, §kX'�AÏ�é´'X [17]:
[

Bk, B
†
k′

]

= δk,k′

(

1 − 2B†
kBk

)

, (3)

¿���÷vXe�^�,

B†
kB

†
k = 0. (4)

ÏLþãé´'X (3) ª, �±���Î B†
k �Ä

åÆ�§:

i~
d

dt
B†

p

= −
∑

k

[

(Eg + V0 + ǫep + ǫh−p)δk,p − Vp−k

]

B†
k

+ 2
∑

k

Vp−kB
†
pB

†
kBk − 2

∑

k

Vp−kB
†
kB

†
pBp

+ E(t) · Mcv − 2E(t) · McvB
†
pBp, (5)

Ù¥ Eg ���Úd���Y, ǫep(ǫh−p) �>f (�

Ç) �ÄU, Vq �Äþ�m�³U, Mcv ��m�

[ó4å, E(t) ´-u-f¤^�1óÀ. ù��

§Ú~^��N Bloch �§�m�éX3©z [17]

¥?ØL. |^ÄåÆ�§ (5) Ú�KC� (2), �

��'u-f�Î B†
µ �ÄåÆ�§.

i~
d

dt

〈

B†
µ

〉

+Eµ

〈

B†
µ

〉

= − i~

〈

B†
µ

〉

TEXE
inter

+ 2
∑

µ1,µ2,µ3

Rµ
µ1,µ2,µ3

〈

B†
µ1

〉 〈

B†
µ2
Bµ3

〉

+ E(t) · M∗
cv

(

Cµ − 2
∑

µ1,µ2

Cµ,µ1,µ2

〈

B†
µ1
Bµ2

〉

)

,

(6)

ª¥

Rµ
µ1,µ2,µ3

= R1µ
µ1,µ2,µ3

− R2µ
µ1,µ2,µ3

, (7)

R1µ
µ1,µ2,µ3

=
∑

k,p

Vp−kc
p
µc

p∗
µ1
ck∗µ2

ckµ3
, (8)

R2µ
µ1,µ2,µ3

=
∑

k,p

Vp−kc
p
µc

p∗
µ2
ck∗µ1

cpµ3
, (9)

Cµ =
∑

p

cpµ, (10)

Cµ,µ1,µ2
=

∑

p

cpµc
p∗
µ1
cpµ2

. (11)

3�ª (6) ¥, Eµ ´?u µ �-f�Uþ, TEXE
inter

´
〈

B†
µ

〉

���Z�m. (7)—(11)ª¥�XêØ�

´ê�¦)-fÄåÆ�§¤7I�, §��¦�

·��±éN´/�O-fU?��Ý�U�C

z [27]. �
��ù
Xê, ÄkI���XÚ¥-

f�Å¼ê, 2ÏL FourierC�¦Ñ cpµ. 3e©¥

ò�Ñ)Û½ê�¦) (7)—(11)ª¥Xê��{.

3 þf²¥-fÅ¼ê�O�

3|^-fÄåÆ�§ïÄ1-u���N

B�(��c, I�����A½B�(��-f
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Xê [(7)—(11) ª], éu-fXê�O�K�¦�

�ù�B�(�¥�-fÅ¼ê. 3�!¥òÄk

{�?Øn�Ú¢Sþf²¥Å¼ê´XÛ¼�

�, ¿�Ñn�þf²¥-fÅ¼ê�)Û(J.

|^¼��-f�Å¼ê, òO�Å¼ê3Äþ�

m�L«, l?�ÚO�-fXê.

3.1 nnn���þþþfff²²²¥¥¥---fffÅÅÅ¼¼¼êêê���OOO���

n��þf²�±w¤þÝªu"���Ã

��²¡, -f�U3²¡S$Ä. þf²Å¼ê

�¦)´��;.�þfåÆ����¯K, �´

-f3dXÚ¥�Å¼ê�)Û/ª'�E,, ©

z [15,28] ¥�Ñ�(J�Ø�Î, Ïùpò�

Ñ��äN�(J.

n�þf²¥-f� Hamiltonþ�

H =
~

2∇2
r

2m∗
+ V (r), (12)

ùp m∗ ´-f��z�þ, 1/m∗ = 1/mc +1/mv,

r = (x, y), r = |r|, V (r) = −e2/4πǫr �>fÚ�

Ç3ISIOü  (SI) e� Coulomb�^å, e �

>f�>þ, ǫ �0>~ê. éu��XÚÙUþ�

��¼ê�ÏLeª°(¦):
(

− ~
2∇2

r

2m∗
− e2

4πǫr

)

ψ(r) = Eψ(r). (13)

é u (13) ª, � ± Ú \ n � X Ú 1s - f

� Bohr�» a0 ÚUþü  Rydberg

a0 =
4πǫ~2

m∗e2
, (14)

Ry =
e2

8πǫa0
=

~
2

2m∗a2
0

. (15)

é�§ (13) ¥��» r Ú�Ý φ ?1Cþ©l¿

)Ñ�§, �±��-f�åP�U?�

En = − 1

(n+ 1/2)2
Ry, (16)

¿���8�z��Å¼ê�

ψn,m(r) =
1

a0(n+ 1/2)

√

1

π(n+ 1/2)

(n− |m|!)
(n+ |m|!)ρ

|m|

× exp
(

− ρ

2

)

L
2|m|
n−|m|(ρ) exp(imφ),

(17)

Ù¥ Lm
n �éÜ Laguerreõ�ª, n,m ©O��»

Ú�Äþ��þ�þfê, ρ = 2r/(n + 1/2)a0. ·

�5¿�d(JÚ©z [28] �� (��©z [15] Ø

Ó). l (16), (17)ª�� 1s��-fÙåPUþÚ

�»©O� Eb = 4Ry, a∗0 = a0/2, �±wÑ��-

f�åPUþÚ�»©O�n�-f�o�Ú�

©��.

�
{zúª, é µ = (n,m) ��-f, �±

Ú\#�ü �Ý

λn,m =
n+ 1/2

2
a0, (18)

K-f�Å¼ê�L«�

ψn,m(r) =
1

2

√

1

π(n+ 1/2)

(n− |m|!)
(n+ |m|!)ρ

|m|

× exp
(

− ρ

2

)

L
2|m|
n−|m|(ρ)

× exp(imφ). (19)

·��±Ú\�d�éA�,��ü 

ξn =
1

λn
=

2

(n+ 1/2)a0
, (20)

ù�ü ò^u{zeãÅ¼ê3Äþ�m�L

«.

3.2 ¢¢¢SSSþþþfff²²²ÅÅÅ¼¼¼êêê

ØÓun��þf², éu¢Sþf²Ø=I

��Ä-fÅ¼ê3²¡ (x-y ²¡) S�$Ä, �

I��Ä-f3 z ���Å¼ê. Ïd¢Sþf²

¥�Å¼ê�L«� [29]

Φn,m(r, φ, z e , zh)

=
1√
2π
f e(z e)fh(h)

× exp(imφ)
∑

ki,m

An,m
ki,m

gm
ki,m

(r), (21)

ª¥ A = πR2 ´^uÅ¼ê8�z�¡È, �>

f (�Ç) 3²¡S�Å�, r �²¡S�ÇÚ>f

�m�ål, f e(z e) Ú fh(zh) �>f��Ç3 z

��þ�Å¼ê. �±w�þª´|^ gm
ki,m

(r)

��Ä¥¼ê?1�Ðm,  An,m
ki,m

´ÐmXê.

gm
ki,m

(r) ´8�z� m � Bessel¼ê,

gm
ki,m

(r) ≡Nm
ki,m

Jm(ki,mr), (22)

Ù¥ Nm
ki,m

=
√

2/R
∣

∣J′m
(

ki,m

)

R
∣

∣ ´8�zXê,

 ki,m ´ m � Bessel¼ê�1 i �": (�Ò

´ Jm

(

ki,mR
)

= 0). (21)ª¥�ÐmXê�±ÏL

ê��{¦)þf²¥'u-f� Schrödinger�

§�� [30].

4 -fÅ¼ê3Äþ�m�L«

� 
 ò O À Ú f � Î B†
k C � � - f �

Î B†
µ[� (2) ª], �±|^Xe�C�'X��
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Xê ckµ,

ψµ

(

ρ, φ, z
)

=
〈

r
∣

∣B†
µ

∣

∣ 0
〉

=
∑

k

ckµ〈r|B†
k|0〉

=f e

(

z
)

fh
(

z
)

∑

k

ckµϕk

(

ρ
)

, (23)

ª¥ z ´R�uþf²²¡���,  ρ ´ x-y

²¡S ���I, fe,h(z) ´d�¤þf²�á

�±9²�°Ý¤û½�, éun��þf², �

±{ü/� fe,h(z) = 1. éuOÀÚf�Å¼

ê ϕk(ρ), �±¦^²¡Å exp(ik · ρ) ?1L«, Ï

d�±w� ckµ �O�¥'���Ú´é-fÅ¼

ê ψµ

(

ρ, φ, z
)

?1 FourierC�.

4.1 nnn���þþþfff²²²��� cµ(p)

�
{zúª, �½ ψn,m(r) ¥¦^��Ýü

 � λn, �A� cn,m(p) ¦^ ξn ��ü . éun

��þf², �±|^ (19)Ú (23)ª��:

cn,m(p) =
1

2π
Bn,m

ˆ ∞

0

ρdρρ|m| exp
(

− ρ

2

)

× L
2|m|
n−|m|(ρ)

ˆ 2π

0

dφ

× exp
[

imφ− iρp cos(φ− ϕ)
]

, (24)

d ? ¦ ^ 
 4 � I [p = p(cosϕ, sinϕ), r =

r(cosφ, sinφ)], ¿�

Bn,m =
1

2

√

1

π(n+ 1/2)

(n− |m|!)
(n+ |m|!) . (25)

|^é φ �È©
ˆ 2π

0

dφ exp
[

imφ− iρp cos(φ− ϕ)
]

=2π(−i)mJm(ρp) exp(imϕ), (26)

�±��

cn,m(p) =Bn,m exp(imφ)(−i)m

ˆ ∞

0

dρρ|m|+1

× exp
(

− ρ

2

)

L
2|m|
n−|m|(ρ)dφJm(ρp),

(27)

ª¥ L
2|m|
n−|m| � Laguerreõ�ª. �
¦Ñ (27) ª

¥�È©, �±|^ Laguerreõ�ª�ü«L«/

ª. 31�«L�/ª¥

Lα
n

(

x
)

=

n
∑

m=0





n+ α

n−m





(

− x
)m

m!
, (28)

l·��±�� cn,m(p) ��«)ÛL��ª

cn,m(p)

=Bn,m exp(imφ)im
(

− p
)m

×
[

L
2|m|
n−|m|

(

− ∂

∂α

)

]

(

− ∂

∂α

)|m|+1

×
[

(

p2 + α2
)− 1

2

(
√

(

p2 + α2
)

+ α
)−m]

, (29)

Ù¥ L
2|m|
n−|m|

(

−∂/∂α
)

L«ò Laguerreõ�ª [(28)

ª] ¥� x O�� −∂/∂α. 1�«�{¦^
Xe

���È©5L« Laguerreõ�ª [28]:

L
2|m|
n−|m|

(

ρ
)

=(−1)n

(

n+ 1/2
)

ρ|m|
exp

(1

2
ρ
)

ˆ ∞

0

P|m|
n

(1 − y

1 + y

)

×
Jm

(ρ

2

√
y
)

(1 + y)3/2
dy, (30)

Ù¥ P
|m|
n (x) ´éÜ Legendreõ�ª, l�±�

� cn,m(p) �,	�«/ª:

cn,m(p) =
n+ 1/2

2
a0

√

1

π(n+ 1/2)

(n− |m|!)
(n+ |m|!)

×
(

− i
)m(

− 1
)n

exp(imϕ)

× 4
(

n+ 1/2
)

{

1 +
[(

n+ 1/2
)

a0p
]2

}
3

2

× P|m|
n

{

1 −
[(

n+ 1/2
)

a0p
]2

1 +
[(

n+ 1/2
)

a0p
]2

}

. (31)

|^ (29) Ú (31) ª©OO� cn,m(p) �±���

Ó�(J, L 1 �Ñ
� n = 0, 1, 2 � cn,m(p) �

L�ª.

L 1 � n = 0, 1, 2 � cn,m(p) �L�ª

n m cn,m
(

p
)

0 0 4
(

4p2 + 1
)−3/2

1
0 12

(

4p2 − 1
)(

4p2 + 1
)−5/2

1 −48p
(

4p2 + 1
)−5/2

0 20
(

16p4 − 16p2 + 1
)(

4p2 + 1
)−7/2

2 1 −240p
(

4p2 − 1
)(

4p2 + 1
)−7/2

2 960p2
(

4p2 + 1
)−7/2

4.2 ¢¢¢SSSþþþfff²²²��� cµ(p)

�
(½¢Sþf²¥� cµ(p), I���/

¤þf²�äNá�, Ï�ØÓ�á�¬/¤ØÓ

�åP�-fÅ¼ê. 3O�åP�-fÅ¼ê�,

·�¦^
©z [30] ¥��{. ùpb�-f�Å

¼ê®²�� (3 5.2�!¥, ò¬�ÑäN�Å¼

ê), þf²²¡S�Å¼ê3�» R = 40rB �
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�/¡ÈS?18�z, Ù¥ rB � 1s-f� Bohr

�». ¢Sþf²¥��Å¼ê ψn,m(r, φ, z e , zh)

�Ù3Äþ�m¥�L« cµ(p) �'X�±leª

��:

ψn,m(r, φ, ze, zh)

=
1√
2π
f e(ze)fh(zh) exp(imφ)

∑

ki,m

An,m
ki,m

gm
ki,m

(r)

=f e(z e)fh(zh)
∑

p

cpµ
exp(ip · r)

L
, (32)

Ù¥ L = 2R, ki,m ÷v Jm(ki,mR) = 0, Xê An,m
ki,m

´3O� ψn,m �L§¥���. ÏLõÚz{, �

±��:

cn,m(p)

=

√
2π

L
exp

[

im
(

θ − π
2

)]

Jm

(

pR
)

×
∑

ki,m

An,m
ki,m

ki,msgn
[

J′m
(

ki,mR
)]

k2
i,m − p2

, (33)

Ù¥¼ê sgn(x) ´ÎÒ¼ê (�ä x ��KÒ).

3 ® � An,m
ki,m

� � ¹ e, � ± Ï L ê � O � �

� cn,m(p).

5 -fXê�O�ÚA^

5.1 ---fffXXXêêê���OOO���

��þf²¥åP�-f� cn,m(p) �, Ò�

±|^ (7)—(11)ª5O�-fÄåÆ�§ (6) ¥

¤I�-fÄåÆXê. éun�þf²��¹,

�±ò (7)—(11) ª=z�4�Ie�È©, ¿¦

^ cn,m(p) �)Ûúª [(31) ª9L�] ?1O�.

éu'u 1s -f��
Xê, ��±���
)

Û�(J [31]. éu¢S�þf², �±|^aq

��{, ^ (33) ª?1O�. ���5¿�´, (33)

ª�O�'�Ñ�, Ø·Ü3E,�È©§S¥¦

^. �«�1��{´3À½�'u p ��|�

þ {p1, p2, . . . , pN} ýk¦� cn,m(pi), ,�|^�

�{ü�È©§S (~XF/{) ?1È©, ·�3

¢��¥uyù«�{�±wÍ/JpÈ©�Ç.

äN5`, b� I ´é��Cþ p �È©, ��¤

eª

I =

ˆ ∞

0

pdpg(p), (34)

XJ·��� g(p) 3�| p þ���, Kþª�±

��

I =
1

2
[(pN − pN−1)g(pN) + p2g(p1)]

+
1

2

N−1
∑

i=2

(pi+1 − pi−1)g(pi)

≡
“

kdkf(k). (35)

(35) ª¥, ^
›

kdkf(k) 5L«éu I �È©¤¦

^�ê��{. |^ù�PÒ, Cµ �±L��

Cµ = δm,0
L

2π

2 “

kdkckµ, (36)

Ù¥ µ = (n,m) ´-f¤?�þf�,  δm,0 L

«�kéu�Äþ� 0 �-f�, Cµ âØ� 0. é

uÙ¦�-fXê, �±��aq�L�ª, ùp

Ø2���Ñ [32].

5.2 þþþfff²²²¥¥¥dddõõõNNN���^̂̂ÚÚÚååå���������555���

AAA

��Ná�¥�1Æy���L2��ïÄ,

~X, �@�©z[4]&?
��NáÂ>NC�n

���51Æ~ê. |^�©¥��{, �±��

-f�§¥�Xê, léþf²¥dõN�^Ú

å���5�A?1��
��ýÿ. b�XÚ

¥Ì�´d 1s-f|¤ (d��-u�)�XÚ),

é (6) ª�{ü�C/, �±��:

i~
d

dt

〈

B†
µ

〉

+
(

Eµ − 2Rµ
µ,1s,1s

〈

B†
1sB1s

〉 )

〈B†
µ〉

≃ + E(t) · M∗
cv

(

Cµ − 2
∑

µ1,µ2

Cµ,µ1,µ2

〈

B†
µ1
Bµ2

〉

)

.

(37)

l (37) ª�±�Ù/w�, du 1s-f��3, ?

u µ ��-f�U? Eµ u)
Cz, Cz���

d 1s-f�ÝÚ-fXê Rµ
µ,1s,1s �Óû½:

δEµ = − 2Rµ
µ,1s,1s

〈

B†
1sB1s

〉

. (38)

I�5¿�´3 (38)ª¥, 〈B†
1sB1s〉 ´XÚS-f

�ê8.

·�5¿�, Cc5¢�þ¦^°ª���â

[óÀé-fl 1s� 2p ���[?1
ïÄ, u

y�[���ªÇÉ-f�Ý�r�K�: �-f

�ÝO��, ��ªÇ¬u)ù£, ¿���5¿

�´, ù�ù£�-f�Ý��ÝCz��´ 1s

�-f7£�Ý�o� [24], ÏØ=I��Ä 1s

-fU?�Cz [31,33,34], �7L�Ä 2p �-f�

U?�-f�Ý�Cz. ·��±|^ (38) ª5
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�� δE1s Ú δE2p, l?1nØ©Û. éun��

þf²'u 1s U?�Xê, �±���
)Û�

(J [31], �éu¢S�þf²½n�þf²��

pU?, �k|^�©¥��{, ê�O� R1s
1s,1s,1s

Ú R2p
2p,1s,1s, l�� δE1s Ú δE2p. äN5`,

I � 1) O � � A B � ( � ¥ - f � Å ¼ ê;

2) ��Å¼ê3Äþ�m�L« (ë�1 4 !);

3) O�-fXê[17] . Huber� [24] �¢�¥¦^


²°� 14 nm,²må� 10 nm� GaAsþf²(

� (þf²�³^(�d Al0.3Ga0.7As |¤). éu

ù�(�, ·�3nØþ��
Ù¥k' 1sÚ 2p

�-f�Xê R1s
1s,1s,1s Ú R2p

2p,1s,1s, l�� 1s�

-fUþ�U£� ∗

δE1s ≃− 2R1s
1s,1s,1s

〈

B†
1sB1s

〉

=12.3 × 10−12n1s meV/cm
2
, (39)

 2p �-fUþ�U£�

δE2p ≃ −2R2p
2p,1s,1s

〈

B†
1sB1s

〉

= −41.1 × 10−12n1s meV/cm
2
. (40)

3 O � - f Å ¼ ê � L § ¥, · � � � �


 1s Ú 2p - f � å P U, © O ´ −9.1 meV

Ú −1.6 meV.

(39) Ú (40) ª�Ù/L² 1s�-fUþ�-

f�ÝO\,  2p �-fUþ��~�. ù�y

�`²ØÓ-f�3õN�^e�U£�±Ñy

ØÓ�(J. |^ùü�(J, y3�±O�-f

d 1s � 2p ��[É-f�Ý�K�. ã 1 �Ñ


 1s -fU?, ±9-fU?m 1s � 2p ��[

Uþ�-f�Ý�Cz. �±w�ù�(JÚ©

z[24]¥�¢�(J3oNþ´���, AO´ 1s

-fU?��Ý�CzÎÜ�éÐ, ¿��±w

� δE1s→2p/δE1s ≃ 4.3 �Ú¢�(J�Î. ke

ZÏ��UE¤nØþýÿ� 1s � 2p �[�-

f�Ý�Cz'¢�þ�¯: 1) 3nØþ=�Ä


 1s -f�Ý�K�, vk�Ä?u�pU?

�-f; 2) ¢�¥3O(I½-f�Ýþk�½�

JÝ; 3) XÚ¥�)�gd>fÚ�Ç��^ (Ì

�´ Coulomb¶-) �vk�Ä. ù
Ï�ò38

��ó��¥?1��\�ïÄ.

0.0
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8.0

 0  5  10  15  20

能
量

/
m

e
V

激子密度n1s /1010 cm-2

E1s€2p

E1s

ã 1 ²°� 14 nm,²må� 10 nm� GaAsþf²(�¥ 1s

-fU?, ±9-fU?m 1s� 2p ��[Uþ�-f�Ý�

Cz �
�BÚ©z [23] '�§·�ò 1s-f�Uþ��

Uþ":

6 ( Ø

|^-f�OÀÚf�{��
-f�Äå

Æ�§, �Ñ
O�n�Ú¢Sþf²¥Å¼ê

Ú FourierC�Xê��{. ?�Ú�Ñ
|^-

fÅ¼ê FourierC�XêO�-fÄåÆ�§¥

Ñy�Xê��{, ù
XêØ�´¦)-fÄå

Æ�§¤7I�, Ó��´n)-f�Ýé�«Ô

nþ�'�. ��ò�©¥��{^�¢Sþf²

�¥, ¦Ñ
þf²¥-fU?�-f�ÝCz�

'X, �ïÄ�â[óÀp��-f��m��[

Jø
����{ü�nØå».

Marc M. Dignam�Çé·��ïÄ�±Ãõ��, >

d��.
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Abstract

Excitonic dynamic equations, which are derived from the quasi-Boson approach, are useful tools in investigating the ultrafast

optical responses of semiconductor nanostructures. To apply these equations to the exciton dynamics in semiconductorquantum

wells, we need exciton wavefunctions and their representations in momentum space to obtain the coefficients in the excitonic dynamic

equations. By discussing in detail the exciton wavefunctions and their momentum-space representations, we present a method of

obtaining the essential coefficients in the excitonic dynamic equations. We finally use these coefficients to understandthe nonlinear

effects in the terahertz-pulse-induced intraexcitonic transitions caused by high exciton densities. The obtained theoretical results are in

good agreement with recent experimental results.
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