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Äkr����§ÝK����f�m¥, ?�� AlGaN/GaN þf²¥1�!�f�� Rashba g^3�
Xê (α1, α2) Úf�mg^ - ;�ÍÜXê η12. ,�gT¦)Å½��§ÚÑt�§O�
ØÓ»Ø�þf²¥
� α1, α2 Ú η12, ¿©O?Ø
þf²²�!�mÉ�(.¡Ú^�é§���z. (JL²�±ÏL»Ø5N!
g^ - ;�ÍÜXê, f�mg^;�ÍÜXê η12 ' Rashba g^3�Xê α1, α2 �, �Ä�3Ó�êþ?.

'�c: Rashba g^3�, f�mg^;�ÍÜ, gTO�, ��>fí

PACS: 71.70.Ej, 73.21.−b, 77.65.Ly

.

1 Ú ó

du��N¥�3g^;�ÍÜ�^, �±
ÏL��>Ö�;�$Ä5ö�>fg^��)
ÚÑ$, l¢yÚ|^g^>fÆì� [1−6]. É
�(Úþf²(�á��@�´g^>fÆì�
�²�, Ï�§��1>ì�Jø
N\�g^
Ñ$õU [4]. 3¬N³Øä��üé¡5�¬N
p, g^;�ÍÜ�^�Ø
"^|e�>f½
�Ç�U��g^{¿, ùò��U��g^3
� [7,8]. ¬N³�üØé¡5é"|g^3��
�zÌ�5gü�¡: N�üØé¡5 (BIA) ��
� Dresselhaus � [9] Ú(��üØé¡5 (SIA) �
�� Rashba � [10]. ù
g^;�ÍÜ�^3��
Ng^>fÆ¥å�é���^, �±)ºéõ
Ôny�Ú�O��Ng^>fÆì� [1,11−17].
@Ï�ó�L²3äk�é¡³�NXp, Rashba

g^3��>|rÝ���' [18−20]. CÏ, Es-
merindo Bernardes �<ïÄ
 GaInAs/GaInAs þf
²¥ü�f�m�g^ - ;�ÍÜ�^, åuþ
f²¥�ü�ØÓ�¡�åPf���mÍÜ, =
¦3é¡�þf²¥, ù�#�g^ - ;�ÍÜ�
^�Ø�", 3ïÄ�ëê��S, rÝÚ Rashba
g^3�Ä��' [21−23].

b� AlxGa1−xN �3 Ga(Al)- ¡ GaN(n ¶
(�) þ÷ (0001) (c ¶) 	ò)�. �, GaN �Y
��, �´du III x�zÔÉ�(¥�3gu4
zÚØ>4z, SÜkér�>|,  Rashba g^
3�Úf�m�g^ - ;�ÍÜ�rÝ�>|rÝ
�', �=¦Ã	\>Ø, �k�*�g^;�Í
Ü�A. 4z>|K�
þf²(��é¡5, Ï
LN!»Ø�±?�ÚN�þf²(��é¡5.

3 � © ¥, · � � Ä ä k ü � å P f �
� AlGaN/GaN þf²(�, O�
1��f�
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� Rashba g^3�Xê α1, α2 Úf�mg^;
�ÍÜ�A η12 �»Ø�Cz'X. Äk, ·�|
^ K · P �{, Äu£ã Γ :NC� s.��Ú p
.d�� 8×8 Kane �., �K�Ç�Å¼ê, r�
���§ÝK����f�m¥, �� 2 × 2 ��
¹��Å¼ê�k��þ�§, ?��kü�å
Pf�� AlGaN/GaN þf²� Rashba g^3�
Úf�m�g^ - ;�ÍÜXê�L�ª. ,�·
�gT¦)Å½��§ÚÑt�§, ����>�
/G, Ó��±¦Ñþf²¥¤k�åP�, ?

O�1�!�f�� Rashba g^3�Úf�m�
g^ - ;�ÍÜXê. ·�ïÄ
g^ - ;�ÍÜ
Xê�»Ø�Cz'X, ¿½þ©Û
K�g^ -
;�ÍÜXê���¡Ï�. ���Ñ
(Ø.

2 nØ�.Ú�{

�¹��!�Ç�!��Ç�Ú¬N|3
��� 8 × 8 �M�î�±�¤ [24]

H8×8 =
~2k2

2m0

+



EC
−P2k+√

2
−P2k−√

2
P1 kz 0 0 0 0

−P 2 k−√
2

Ev + ∆1 + ∆2 0 0 0 0 0 0

P2 k+√
2

0 Ev + ∆1 − ∆2 0 0 0 0
√

2∆3

P1 kz 0 0 Ev 0 0
√

2∆3 0

0 0 −P 2 ky√
2

0 EC
P2 k−√

2

−P 2 k+√
2

P1 kz

0 0 0 0 P2 k+√
2

Ev + ∆1 + ∆2 0 0

0 0 0
√

2∆3
−P 2 k−√

2
0 Ev + ∆1 − ∆2 0

0 0
√

2∆3 0 P1 kz 0 0 Ev



.(1)

P1 Ú P2 ´�mÄþÝ
�, P1 = P2 = ~
√

E/2m0, E = 20meV[4]. ∆1 ´¬N|3�U, ∆2,3 ´g
^;�ÍÜ�^ëê. ·�b���>�� ∆EC � 950 meV. ����§�� H8×8[f ] = ε[f ], ��¼
ê [f̃ ] = f1 f2 f3 f4 f5 f6 f7 f8. �K�Ç��ä¼ê, r����§ÝK����f�m¥ (¹ü�g^f
�), �� 2×2 ��¹��Å¼ê�k��þ�§

−~2

2
d
dz

(
1

m(z)
d
dz

) + V (z) +
~2k2

t

2mt + Ec − ε
−η(z)ik−

η(z)ik+ −~2

2
d
dz

(
1

m(z)
d
dz

) + V (z) +
~2k2

t

2mt
+ Ec − ε


 f1

f5

 = 0,

(2)

Ù¥g^;�ÍÜXê η(z) �±�¤ [4,25−28]

η(z) = − P1P2
∂β

∂z
= −P1P2

∂

∂z

×
[ ∆3

(Ev − ε)(Ev − ε + ∆1 − ∆2) − 2∆2
3

]
,

(3)

β =
∆3

(Ev − ε)(Ev − ε + ∆1 − ∆2) − 2∆2
3

. (4)

·�l�§ (2) �±wÑ, g^;�ÍÜ�A
Ny3�é��¥, Ï·��±kéá¦)Å

½��§ÚÑt�§, ����>�/G, Ó��
±¦Ñ¤k�åP�Ú>f�©Ù, ,�2d�
§ (3) (½g^;�ÍÜXê η(z). Å½��§¥
� V (z) ´MAp·>³, m(z) ´ z ¶���k�
�þ. mt Ú kt ´¡S�k��þÚÅ¥. E0

c Ú E0
ν

©O´ Γ :���>Ú�pd�>.

|^k��©{gT¦)Å½��§ÚÑt
�§ [29], ¦Ñ1 n ���f�>Uþ εn ÚÅ¼
ê φn. ·��Äþf²¥�kü�åPf��
�¹, ¿�Ä�g^, À�Xeo�Ä¥Å¼ê,
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|ktv,±〉, v = 1, 2, Kke¡�Ý
�:

〈ktv,± |H| ktv
′,±〉 = (

~2k2
t

2mt
+ εv)δvv′ ,

〈ktv,± |H| ktv
′,∓〉 = ∓iηvv′k∓, (5)

ηvv′ = 〈v |η(z)| v′〉 =
∫

φv(z)η(z)φv′(z)dz

= −P1P2

[
φv(0)φv′(0)(βW − βL)

− φv(L)φv′(L)(βW − βL)

+ 〈v |BLFL| v′〉L + 〈v |BWFW| v′〉W
+ 〈v|BRFR|v′〉R

]
, (6)

Bi =
∆3[2Eg + ∆1 + 3∆2 + 2(ε − V )]

{(Ev − ε)(Ev − ε + ∆1 − ∆2) − 2∆2
3}2

.

(7)

d�, �Ä�>f�g^, ¹kü�åPf�
�þf²���>f�k�M�î�±�¤

H =


εkt,1 −iα1k− 0 −iηk−

iα1k+ εkt,1 iηk+ 0

0 −iηk− εkt,2 −iα2k−

iηk+ 0 iα2k+ εkt,2

 . (8)

1�f�� Rashba g^3�Xê α1 = η11, 1�
f�� Rashba g^3�Xê α2 = η22, f�mg
^;�ÍÜXê: η12. ,�|^�§ (6) �±O
� Al0.5 Ga0.5 N/GaN þf²¥�1�!�f��
g^3�Xê!ü�f�m�g^;�ÍÜXê
�»Ø�Cz'X.

L 1 AlxGa1−xN/GaN þf²�Ônëê

c ¶���k��þ m0 m(z) = 0.22 + 0.26x

·�0>~ê ε0 εr = 10.4 − 0.3x

¬N|3�U/meV ∆2 = ∆3 = 6.0[30]

g^;�3�U/meV ∆1 = 22 − 80x[31]

3 (J�©Û

·�O�
 AlGaN/GaN/AlGaN þf²g^ -
;�ÍÜXê�»Ø�Cz'X, ¿½þ©Û
5
g²�, ^�, Ú�mü�É�(.¡��z. L 1
�Ñ
·�O�¤^�á�ëê. ã 1 �Ñ
»Ø
� 0.5 V �� AlGaN/GaN þf²���>/G, 1
�!�åP�U?ÚÅ¼ê. ·�wÑ, du�3
4z>|Ú»Ø, ��þf²�(�Øé¡, l
>f�©Ù�Øé¡, ò���*� Rashba g^
3�Xê, ¿�éf�mg^;�ÍÜXê�òk

�K�.
·�uy, XJ¤\�»ØØäO\�, Ü©

>fò¬ÄÑþf²(�, AO´>Ø�L�½�
��, þf²¥�1�åP�òØ�3, ·���
.ÒØ2·^
. Ïd, �3��>Ø��, 3ù�
��S, þf²¥òkü�åP��3. lO�(
J�±wÑ, ù� Ø���V3 −1—0.8 V S.

ã 1 AlGaN/GaN þf²���>ã, 1��f���>U
þÚÅ¼ê

d	, �
Bu©ÛÚ?Øe¡O��(J,
ã 2 ·��Ñ
1��f��>f� ��²þ
��»Ø�Cz'X. 1 n �f��>f� ��
²þ��±�¤: 〈z〉n =

∫ L

0
zφ2

n(z)dz. Ù¥, L ´
��üþf²�þÝ (�)^�Ú²�), �I�:
À3þf²���à (Xã 1). lã 2 �±wÑ: 1
��f��>f� ��²þ��»ØO\Øä
�þf²��ý£Ä, `²>f�Å¼ê�¸��
ý£Ä. Ì�´du�X»ØO\, þf²mý�
^��>³UØä,p, �Ò´þf²mý�>f
�³^Øä,p.

ã 2 1��f��>f� ��²þ��»Ø�Cz'X

ã 3 �Ñ
1��f�� Rashba g^3�X
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ê α1, α2, Úf�mg^;�ÍÜXê η12 �»Ø
�Cz'X. ·��±wÑ: Ú α1, α2 �', η12 �
rÝ��, �Ä�3Ó�êþ?. »Ø3 −1—0.8 V
S, α1 �ýé��»ØO\O\; α2 �ýé�k
�»ØO\O\, 3 0.5—0.8 V m×�~�; η12

�ýé��Nþ�»Ø�ú/~�. äN�Ïò3
e¡�[?Ø.

ã 3 þf²¥�1��f�� Rashba g^3�, f�mg
^;�ÍÜXê�»Ø�Cz

ã 4 þf²¥�1�f�� Rashba g^3�Xê±9�
Ü©éÙ��z�»Ø�Cz

ã 4 �Ñ
1�f�� Rashba g^3�X
ê α1 ±9�mÉ�(.¡ (Γinter), ^� (ΓB), ²
� (ΓW) éÙ�z�»Ø�Cz'X. ·��±w
Ñ²���z��, É�(.¡g�, ^���
zé�. �â�§ (6), ^� (ΓB), ²� (ΓW) é α1

��z�ûu�A«��>|rÝÚ1�f��
Å¼ê, �X»Ø�O\, 1�f��Å¼ê�¸
�þf²�ýÉ�(.¡�k£Ä, Ó�^�Ú²
��>|rÝÑØäO\, �þf²��ý�>|
rÝ�umý, ¤±²�ÚÉ�(.¡��z��
O\. duÓâ1�f��>f3^��VÇé

�, =¦^��>|rÝ��k¤O\, ^���
z ΓB �»ØCzØ²w. d	, �X1�f��Å
¼ê�¸�þf²�ýÉ�(.¡£Ä, Γinter �
»ØØäO\, Ï�þf².¡��z�'u.¡
?�Å¼ê�²�.

ã 5 � Ñ 
 1 � f � � Rashba g^3 �
Xê α2 ±9É�(.¡ (Γinter), ^� (ΓB), ²
� (ΓW) éÙ��z�»Ø�Cz'X. ·��
±wÑ²���z��, É�(.¡g�, ^
���zé�. �´Ó α1 ��¹k¤ØÓ: >Ø
3 −1—0.4 V m, α2 �ýé�ØäO\, 0.6—0.8 V
m×�~�. �â�§ (6), ^� (ΓB), ²� (ΓW)
é α2 ��z�ûu�A«��>|rÝÚ1�
f��Å¼ê, �X»Ø�O\, 1�f��Å¼
ê�¸���þf²�ýÉ�(.¡£Ä, ,	^
�Ú²��>|rÝÑØäO\, ¤±²�ÚÉ�
(.¡��z��O\, duÓâ1�f��>
f3^��VÇé�, =¦>|��k¤O\, ^
���z ΓB �»ØCzØ²w. �¤\�»Ø�
L 0.6 V �, É�(.¡ (Γinter), ²� (ΓW) ��z
Ñâ,~�, Ì�´duþf²�åPUåü$,
1�f��Å¼ê�¸UY�þf²�ýÉ�(
.¡£Ä�¸�rÝØä~�, ¤±�ý�¸ªL
�ýÉ�(.¡�, �ýÉ�(.¡?Ú.¡mý
�²�¥�Å¼ê�ê�×�~�, �Ò´²��
VÇ�Ýò~�, l��É�(.¡Ú²���
zØä~�, =¦þf²¥�>|�»ØO\.

ã 5 þf²¥�1�f�� Rashba g^3�Xê±9�
Ü©éÙ��z�»Ø�Cz

ã 6 �Ñ
 η12 ±9.¡ (Γinter), ^� (ΓB),
²� (ΓW) éÙ��z�»Ø�Cz'X. ·��
±wÑÉ�(.¡��z��, ²�g�, �3é
��>Ø��S�É�(.¡��z�ÎÒ��,
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^���zé�. ·��±wÑ, >Ø3 −1—
0.8 V ���S, η12 �ýé��>ØØä~�, ù
´Ï���þf²(�´�é¡�(�, ��>f
��é¡©Ù, ²��z�ê�k�»ØO\Øä
C�, 3»Ø� −0.6 V �²���z~��",
�ÒUC
ÎÒ�ØäO\, �É�(.¡��z
��, ùÌ�´du1�f��Å¼ê�Å¸!Å
�Øä�þf²(���ý£Ä, �1��f��
Å¼ê�¦È3²��¥m��Ü©«����,
�Ü©«��K�, 3»Ø��� −0.6 V �, fÐ
-�. »ØUYO\�, ²���zUCÎÒ�Ø
äO\, Ï�²��>|�»ØØäO\. �¤\
�»Ø�L 0.6 V �, duþf²�åPUå?�
Úü$, 1�f��Å¼ê�Å¸UY�þf²�
ýÉ�(.¡£Ä�Å¸�rÝØä~�, ¤±Å
¸ªL�ÿÉ�(.¡�, �ýÉ�(.¡?Ú.
¡mý�²�¥�Å¼êê�×�~�, �õ�«
��Å¼êd��C�K�, ��ü�Å¼ê�¦
È3²��¥m�é��Ü©«��K�. l¦
É�(.¡��zÅÚ~�, ²���zUCÎÒ
�ØäO\. ²���z-�
É�(.¡��z,
¦ η12 �ýé��Nþ�»ØO\~�.

ã 6 þf²¥�f�mg^;�ÍÜXê±9�Ü©éÙ
��z�»Ø�Cz

¢�þ AlGaN/GaN É�(¥�g^3���
�ê���´ 0.1 � 9 meV [6,32−34], ùpO��g
^3��rÝÚÙ¦� III-V xá�Ä�3Ó�ê
þ?, ~X InAlAs/InGaAs þf²¥� 1 meV [35].
,	og^3��) Dresselhaus Ú Rashba ��Ó

��z, ùp��Ä
 Rashba �, Ï�§���û
uSï>|.

� AlInAs/GaInAs þf²¥�g^ - ;�ÍÜ
Xê�', ·�ùpO��(J���
ü�ê
þ?, Ì��Ï´ GaN �Y (3.44 eV) ' GaInAs
(0.816 eV) ��õ, �â�§ (3), (4), (7), Eg ´
���UþIÝ, g^ - ;�ÍÜXêCq�'
u E

(−n)
g (2 < n < 4)

4 ( Ø

ÏL�K�Ç�Å¼ê, r����§ÝK�
���f�m¥, �� 2 × 2 ��¹��Å¼ê�
k��þ�§, ¿A^� AlGaN/GaN þf²¥, �
� Rashba g^3�XêÚf�m�g^ - ;�Í
ÜXê�L�ª. �Ä�Ø>4zÚgu4z�
A, ·�gT¦)Å½��§ÚÑt�§, ���
�>�/G, Ó�¦Ñ¤k�åP�, ?·�ï
Ä
1�!�f�� Rashba g^3�Xê α1, α2

Úf�mg^;�ÍÜXê η12. ·�uy, »Ø
3 −1—0.8 V S, α1 �ýé�� ØO\O\,
α2 �ýé�k� ØO\O\, � 0.5 V �×�
~�, η12 �Nþ�»Ø�ú/~�. g^;�ÍÜ
ëê�)²�!É�(.¡Ú^���z. ²�Ú
É�(.¡ég^;�ÍÜëê��z��^
���zé�. ²�ÚÉ�(.¡é α1 ��z�
»ØO\, é α2 ��z�»ØkO\�~�. É�
(.¡é η12 ��z�»ØkO\�~�, É�(
.¡é η12 ��zk�>Øé¯~��", ,�U
CÎÒ, ��O\. O��f�mg^;�ÍÜ�
A η12 Ú1�!�f�� Rashba g^3�Xê α1,
α2 ��3Ó�êþ?. »Ø3 −1—0.8 V S, α1 �
ýé��»ØO\O\, α2 �ýé�k�»ØO
\O\, � 0.5 �×�~�, η12 �Nþ�»Ø�
ú/~�.

o�, �±ÏL»Ø5N!g^ - ;�ÍÜX
ê, AO´1��f�� Rashba g^3�Xê α1,
α2. d	, du GaN �Y��, AlGaN/GaN þf²
�g^ - ;�ÍÜXê' AlInAs/GaInAs þf²�
��
ü�êþ?.
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Abstract

Rashba spin splitting coefficients for the first two subbands α1, α2 and intersubband spin-orbit coupling coefficient η12 are

obtained by projecting the characteristic equation into the subspace of conduction band. Then Schrödinger and the Poisson equations

are solved self-consistently to calculate α1, α2 and η12 under different gate voltages. Then contributions to the spin-orbit coupling

coefficients from the well, the left and the right heterointerfaces and the left and the right barriers of the quantum well are discussed.

Resulsts show that the spin-orbit coupling coefficient can be modulated by the gate voltage, and the intersubband spin-orbit coupling

coefficients calculated here are a little smaller than the Rashba coefficients α1, α2, but they are basically of the same order.

Keywords: Rashba spin splitting, intersubband spin-orbit coupling, self-consistent calculation, two dimensional
electron gas
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