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1 Ú ó

g^>fÆ´Cc5và�ÔnÆ¥���
~¹��ïÄ+�, Ù¥%ÌK´é�N>fXÚ
¥>f�g^gdÝ¢1È4�ö�, ?�EÑ
|^>fg^á5ó��>fì� [1,2]. 3g^>
fÆ�ÃõI�)û�¯K�¥, XÛò��N>
fXÚ¥>fg^4z�µþ�m (�Ò´¦g
^�±v
��PÁ�m) ´��7L)û�J
K [1−6]. dug^µþÌ�åu>f��«a
.�g^;�ÍÜ�^ [4−9], lnØþù, XJU

3¢�þ±�«����ªUC�N>fXÚ
¥>f�,
g^;�ÍÜ�^, Òk�Ué>f
�g^µþL§¢1k��ö�. �C Bernevig �
<�â SU (2) é¡5©Û, lnØþýó, éuÓ
��3 Rashba Ú Dresselhaus ü«a.g^;�Í
Ü�^���>fí, XJU
N! Rashba g^
;�ÍÜ~ê��� (~X�±ÏL�\�>Ø
¦Ùu)UC [9]) ¦�� Dresselhaus g^;�Í
Ü~ê��, KéuXÚ¥g^4z�Ý÷,��

�±Ï5Cz��²ïg^4z� (¡�g^Ú^
�, spin helix), �g^4zrÝ��mCz±Ï�
u,�A½�Ý� (� Rashba-Dresselhaus g^;
�ÍÜ~ê���k'), T�²ïg^4z��
Æ·lnØþù�±��Ã��, Ïd Bernevig �
¡ù«�²ïg^4z��±Yg^Ú^� (per-

sistent spin helix)[10]. 3¢S�g^;�ÍÜ��
>fí¥, du�3,�Ñ�½Ù¦a.�g^
;�ÍÜ�^, ù«±Yg^Ú^��Æ·Ø�
UÃ��, �ÙÆ·3 Rashba Ú Dresselhaus ü«
g^;�ÍÜ~ê����´k�UU
��k
��ò�. �C Weber �<|^]�g^1»E
â (transient spin grating) l¢�þy¢
3Ó�ä
k Rashba Ú Dresselhaus ü«a.g^;�ÍÜ�
^���>fí¥(¢�3äkù«A5�±Y
g^Ú^� [11,12].

3±ck'±Yg^Ú^��nØ©Û¥, Ì
��Ä�´�«n�G�, =�Ñ,�Ñ�!§
Ý!	|�Ï�é±Yg^Ú^��½5�K
�. �éu¢S�ÔnXÚ, ù
Ï�Ñk�Ué
g^Ú^��½5�)��K�. �
é�
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C��
�'¢�(J���Ð�n), 3�©
¥·�é,�Ñ�!§Ý!g^;�ÍÜrÝ!
	|�Ï�é±Yg^Ú^��½5�K�?
1
�
nØþ�ïÄ. ·�Äk|^�«{z�
�²;g^�ÝÝ
�{ïá
�|£ãäk�
5 Rashba-Dresselhaus g^;�ÍÜ�^���>
fí¥�²ïg^4z�Ý��müz�ÄåÆ
�§, ,�|^ù|ÄåÆ�§ïÄ
g^Ú^�
�Æ·�ÙÅ¥!16f[£Ç!§Ý!Rashba-

Dresselhaus g^;�ÍÜrÝ!	>|rÝ�Ï
��	�'X, ¿ò¤���Ü©nØO�(J�
�C��
�'¢�(J?1
�
'�, ��

�X��k¿Â�(Ø. e¡·�kéO�¥^�
�nØ�.ÚO��{�
{ü0�, ,�2é¤
���nØO�(J?1���[�?Ø.

2 nØ�.ÚO��{

�Ä��Ó�äk�5 Rashba-Dresselhaus g
^;�ÍÜ�^���>fí, ÙM�îþ���
/ª��� [13−15]

H =
~2k2

2m∗ + V (r) + Hso,

Hso = kjAjασα, (1)

ª¥ m∗ ´>f�k��þ, k ´>f�Å¥, V (r)

´	>|�>³, σ ´g^ Pauli Ý
, Hso ´>f
�g^;�ÍÜ�^. ·�rg^;�ÍÜ�^�
�¤¿¥�/ª, Ù¥Ý
� Ajα ´g^;�ÍÜ
~ê, §ÍÜ
>fÄþ� j ©þÚg^� α ©þ.

g^;�ÍÜÝ
 A �äN/ª��m�IXÚ
g^�IX�À��ªk', �¡ò2�?Ø.

3�²;Cqe, >f���m �k'�g
^4z�Ý!g^6�Ý�Ônþþd>f��
ÝÝ
û½:

Sα(r) =
1
2
Tr

∫
[ρ(r,k)), σα]d2k, (2)

Jj
α(r) =

1
2
Tr

∫
[ρ(r,k)), νj

α]d2k, (3)

ª¥ ρ ´>f� Wigner �ÝÝ
 [16], Ù3g^�

m¥´�� 2 × 2 �Ý
; νj
α =

1
2
(νjσα + σανj) ´

>f�g^6�Ý�Î, Ù¥ νj = ~−1 ∂H

∂kj
´>f

��Ý�Î. |^�|Ý
, �±ò>f��ÝÝ


Ú�Ý�ÎÐm¤Xe�/ª:

ρ =
1
2
(ρ0 + ρασα), (4)

νj = (νj
n + νj

σα
σα), (5)

Ù¥ νj
n =

~kj

m∗ , νj
σα

=
Ajα

~
, ρ0 Ú ρα Ñ´>f�I

ÚÄþ�¼ê. |^ (4), (5) ª, ��m �k'�
g^4z�ÝÚg^6�Ý�±L«�

Sα(r) =
∫

ρα(r,k)d2k, (6)

Jj
α(r) =

∫ (
νj

nρα(r,k) + νj
σα

ρ0(r,k)
)
d2k. (7)

e¡·�^�²;��ÝÝ
$Ä�§5¦
>f�ÝÝ
�Cq). |^°ÜË$Ä�§, l
M�îþ (1) Ñu, éN´�Ñ�ÝÝ
��²;
$Ä�§äkXe/ª [17]:

∂ρ

∂t
−

∑
j

1
~

∂V

∂xj

∂ρ

∂kj

+
1
2

∑
j

{
νj ,

∂ρ

∂xj

}
+

∑
j

ikj [νj , ρ]

= St[ρ], (8)

ª¥ St[ρ] ´,�Ñ�È©, ÙäN/ª�,�Ñ
�³�äN/ªk'. �¦��ÝÝ
�Cq),

·�é�§ (8) �Ï~�µþ�mCq, =òÙ
¥�,�Ñ�È©Cq^��µþ�m τ L«Ñ
5 [17], lò�§ (8) {z¤Xe�/ª:

∂ρ

∂t
−

∑
j

1
~

∂V

∂xj

∂ρ

∂kj

+
1
2

∑
j

{
νj ,

∂ρ

∂xj

}
+

∑
j

ikj [νj , ρ]

= −ρ − ρeq

τ
, (9)

ª¥ ρeq ´�XÚ?3²ï����ÝÝ
.

�§ (9) �±^S��{¦), =ò²ï��
��ÝÝ
 ρeq ��"?CÀ, ,�?1S�¦).

ò�§ (9) ��?S�Cq)�\ (6), (7) ª, ,�
ÏL�
{ü��ê$�, �±�Ñ>f�g^4
z�Ý!g^6�Ý÷vXe/ª�Åð�§:

∂Sα

∂t
+

∑
j

∂Jj
α

∂xj

−2m∗

~2

∑
j,β,γ

ξαβγAjβJj
γ +

1
τ
Sα

= 0, (10)
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ª¥ ξαβγ �LÏ~� Levi-Civita ÎÒ. þª¥�
1n�åu>f�g^;�ÍÜ�^, §£ã�
´ Dyakonov-Perel g^µþ�A [13]. ò�§ (9) �
�?Cq)�\ (7) ª¿��3g^;�ÍÜ~ê
��g�, �±�Ñg^6�Ý�eãCqL�ª:

Jj
α = −D

∂Sα

∂xj
+ µEjSα

+
2m∗D

~2

∑
βγ

ξαβγAjβSγ , (11)

ª¥ D =
kBTτ

m∗ ´16f*ÑXê, µ =
eτ

m∗ ´1
6f[£Ç. 3�Ñþª�L§¥·��
Xe�
Cq: 〈νj

nνl
n〉 = δjlkBT/m∗ . ù�Cqé�Ý�{

¿���>fí´Ü·�.

ò (11) ª�\ (10) ª¥, ·�ò����£
ãXÚ¥�²ïg^4z�Ý��müz��§.

e¡·�òäN�Ä��÷ [001] ��)��Ø
é¡ GaAs þf²¥���>fí. �
ïÄ	>
|ég^Ú^��½5�K�, ·��3��>
fí²¡S�\k	>|. ·�À���>fí

²¡�{��� z ¶; 	>| E ���� x ¶, Ù
� [100] ���m�Y�� θ; À�g^�I¶²
1u�m�I¶. éuù�À½��mÚg^�I
X,Rashba-Dresselhaus g^;�ÍÜ��¤Xe�
/ª:

Hso = kx(Axxσx + Axyσy) + ky(Ayxσx + Ayyσy),

(12)

Axx = −αD cos 2θ, Axy = αD sin 2θ − αR, (13)

Ayx = αD sin 2θ + αR, Ayy = αD cos 2θ, (14)

ª¥ αR Ú αD ©O´ Rashba Ú Dresselhaus g^
;�ÍÜ~ê [14,15].

ò (13), (14) ª ¥ � Ñ � g ^ ; � Í Ü X
ê Ajα �\�§ (10), (11), ,�²L{ü�n,

·�����£ãXÚ¥�²ïg^4z�Ý�
�müz��§:

∂S
∂t

− Ω∇2S + Γ∇S − ΛS = 0, (15)

ª¥ Ω, Γ , Λ Ñ´ 3 × 3 Ý
, ÙäNL�ª�

Ω =


D

D

D

 ,

Γ =


µE 0 2D(Bxy + Byy)

0 µE −2D(Bxx + Byx)

−2D(Bxy + Byy) 2D(Bxx + Byx) µE

 ,

Λ =


−D(B2

xy + B2
yy) − 1

τ D(BxxBxy + ByxByy) µE(Bxy + Byy)

D(BxxBxy + ByxByy) −D(B2
xx + B2

yx) − 1
τ −µE(Bxx + Byx)

−µE(Bxy + Byy) µE(Bxx + Byx) −D(B2
xx + B2

yx + B2
xy + B2

yy) − 1
τ

 ,

Ù¥ D =
kBTτ

m∗ , µ =
eτ

m∗ , Bjα =
2m∗Ajα

~2
.

3 O�(J�?Ø

e¡·�|^£ãXÚ¥�²ïg^4z�
Ý��müz��§ (15) 5?ØÓ��3 Rashba

Ú Dresselhaus ü«a.g^;�ÍÜ�^���
>fí¥±Yg^Ú^��½5. éu÷ [001]

��)��Øé¡ GaAs þf²¥���>fí,

±Yg^Ú^�´÷ [001] ��4z!g^4z
�Ý÷ [110] ��±Ï5Cz��²ïg^4z
� [10]. ·�b½3 t = 0 �3XÚ¥�)
��ù
��g^Ú^� (¢�þù��g^Ú^��±|
^]�g^1»Eâ�) [11,12]). �
ïÄg^Ú
^�3	>|e�½5, ·��3��>fí²
¡S�\k�	>|, 	>|��g^Ú^��Å
¥��.
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�â�§ (15), �²ïg^4z�Ý��m
Ú�m�Cz (÷g^Ú^��Å¥��) �de
ª£ã:

S(x, t) =
∑

l=1,2,3

clmleiqx−λlt, (16)

ª¥ q ´g^Ú^��Å¥, ml Ú λl ´g^�Ý
üz�§ (15) �n����þÚ���, §��±
deª¦Ñ:

(q2Ω + iqΓ − Λ)ml = λlml. (17)

�u�§ (16) ¥�Xê cl, §��dÐ©^� (=
Ð©g^4z�Ý) (½.

l�§ (16), (17) �±wÑ, g^Ú^��g^
4zµþ�Ç�ûuXêÝ
 (q2Ω + iqΓ −Λ) �
����¢Ü��. d���§ (17) ·��±�
�n����, Ù�A���� λl (l = 1, 2, 3) �
¢Ü��ê�±½Â�T����Æ· (τ (l)

s =

1/Re[λl]). ã 1 ¤ « � Ï L ê � O � � � � g
^4z�Ýüz�§�n�����Æ· τ

(l)
s

(l = 1, 2, 3) �g^Ú^��Å¥ q �m�'X.

lã¥�±�Ù/wÑ, n�����Æ·��
��g^Ú^��Å¥ q �m�'X´Ø���.

Ù¥������Æ· (3ã 1 ¥I£� τ
(3)
s ) 3

Å¥ q �u,�A½� qmax (qmax ' 4m∗αR/~2)

�äk���. ù¿�X3Å¥ q = qmax �T�
���g^µþ��
k�³�. ù����¤
£ã�g^4z�=�©z [10] ¥¤½Â�±
Yg^Ú^� (persistent spin helix). 3©z [10]

¥Ï�vk�Ä,�Ñ��K�, Tg^Ú^�
�Æ·3 q = qmax = 4m∗αR/~2 ��±´Ã�
� (Ï�¡��±Yg^Ú^�). 3�Ä
,�
Ñ��K��, Tg^Ú^��Æ·3 q = qmax

�´k��, Ùg^µþL§�´�é5`��

�½§Ý�[�, Xã 1 ¤«. d	I�AO
�Ñ�´, �â (16) ª, q�ã 1 ¥¤«�n�
���ÑAég^Ú^��g^µþå�^. �
¢SþéuÐ©g^4z��÷ [001] ��!Å
¥ q ' qmax ' 4m∗αR/~2 �g^Ú^�, åÌ��
^�´ã 1 ¥¤«�1n����. Ù�Ï´, é
uÐ©g^4z��÷ [001] ���g^Ú^�,

�âÐ©^��±�Ñ3 (16) ª¥�ã 1 ¥¤«
�1������éA�Xê c1 = 0, =T���
éÐ©g^4z��÷ [001] ���g^Ú^��

g^µþØå�^. ,��¡, du1�����
�Æ· τ

(2)
s 3 q ' qmax ���u1n�����

Æ· τ
(3)
s , �éu1n����, T���é¯Ò

P~K
. duþã�Ï, éuÐ©g^4z��
÷ [001] ��!Å¥ q ' qmax ' 4m∗αR/~2 �g
^Ú^�, Ùg^µþ�ÇÌ��ûuã 1 ¥¤«
�1n�����Æ·���. þãnØO�(J
�©z [11, 12] ��'¢�(J´��� (~X�
ë�©z [12] ¥ã 1(b) ¤«��'¢�(J). l
ã 1 ¤«O�(J·���±�Ù/wÑ, �,3
Å¥ q ' qmax ' 4m∗αR/~2 ?g^Ú^��g^
4zµþ��
�½§Ý�³�, �´�Å¥ q  
lÙ¸� ��, g^Æ·Ñy
¯�P~, ù�
��'¢�(J´ÎÜ� [12].

ã 1 g ^ � Ý ü z � § (15) � n � � � � � Æ · τ
(l)
s

(l = 1, 2, 3) �g^Ú^��Å¥ q �m�'X. Ù¥��
����Æ· (3ã¥I£� τ

(3)
s ) 3 q ' 4m∗αR/~2 '

8.79 × 106 m−1 ?k�4��. (O�¥^��ÔnëêXe:

αR = αD = 0.025 eV·Å, µ = 1.50 × 105 cm2/(V·s), T = 50 K,

E = 0)

duéÐ©g^4z��÷ [001] ��!Å
¥ q ' 4m∗αR/~2 �g^Ú^�, Ùg^µþ�Ç
Ì��ûuã 1 ¥¤«�1n���� (±e{¡
��� 3) �Æ·���, e¡·�ò�éT���
�5���
��[�?Ø. ã 2 ¤«��16f
[£Ç�ØÓ����� 3 �Æ·�g^Ú^�
�Å¥ q �m�'X. lã¥�±wÑ, �16f
[£Ç�ØÓ��, g^Ú^�Æ·¸�Ñy� 
�Ä��±ØC, ÑÑy3 q ' 4m∗αR/~2 � �,

�¸����K�16f[£Ç�~�×�~
�. ù`²,�Ñ��Aég^Ú^��½5k
XwÍ�K�, ,�Ñ��A�r, g^Ú^��
Ø½. ã 3 ¤«��§Ý�ØÓ����� 3 �
Æ·�g^Ú^��Å¥ q �m�'X. lã¥�
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±wÑ, o�5`§Ý�pg^Ú^��½5�
�, �g^Ú^�Æ·�¸�9¸�Ñy� �é
§ÝCz�¯a5K�$.

ã 2 �16f[£Ç�ØÓ��, g^Ú^��Æ·�ÙÅ
¥ q �m�'X (Ø16f[£Ç�	, O�¥^��Ù¦Ôn
ëê�ã 1 ¥��Ó)

ã 3 �§Ý�ØÓ��, g^Ú^��Æ·�ÙÅ¥ q �m
�'X (Ø§Ý�	, O�¥^��Ù¦Ônëê�ã 1 ¥�
�Ó)

�â©z [10] nØ©Û��, î�¿Âþ�
±Yg^Ú^��k3 Rashba Ú Dresselhaus ü«
g^;�ÍÜ~ê������âU�3. �l
¢���Ýù, éJ��4ü«g^;�ÍÜ~ê
�������. Ïd·�k7��	� Rashba

Ú Dresselhaus ü«g^;�ÍÜ~ê����~
�C�Ø�����g^Ú^��½5´Ä�
U�±. ã 4 ¤«�� Dresselhaus g^;�ÍÜ
~ê��½� (αD = 0.025 eV·Å)!� Rashba g^
;�ÍÜ~ê��k�� l�g^Ú^��Æ
·�ÙÅ¥ q �m�'X. lã¥�±�Ù/wÑ,

� Rashba Ú Dresselhaus ü«g^;�ÍÜ~ê�
���~�C�Ø�����, g^Ú^��Æ·
�ÙÅ¥ q �m�'X� Rashba Ú Dresselhaus ü

«g^;�ÍÜ~ê�����¹�~aq. ù`
²�,3¢�þéJ��4 Rashba Ú Dresselhaus

ü«g^;�ÍÜ~ê�������, ���U

��4 Rashba Ú Dresselhaus ü«g^;�ÍÜ
~ê����~�C, äk��Æ·�g^Ú^�
´U
3¢�þ�*ÿ�� [12].

ã 4 � Dresselhaus g^;�ÍÜ~ê αD ��½� (αD =

0.025 eV·Å)!Rashba g^;�ÍÜ~ê αR ��k�� l�
g^Ú^��Æ·�ÙÅ¥ q �m�'X (Øg^;�ÍÜ~
ê�	, O�¥^��Ù¦Ônëê�ã 1 ¥��Ó)

ã 5 � 	 > | r Ý � Ø Ó � �, Ð © 4 z � � ÷ [001]

��!Å¥ q = 4m∗αR/~2 �g^Ú^��g^4z�
Ý (Sz(t)/Sz(t = 0)) ��m�Cz'X (Ø	>|rÝ�	,

O�¥^��Ù¦Ônëê�ã 1 ¥��Ó)

3c¡�O�¥·�vk�Ä	>|�K�,

=3¤k�O�¥Ñ�	>|rÝ E = 0. y3·
�5ww	>|ég^Ú^��½5kÛK�.

ÏLê�O�·�uy, �	>|rÝ E 6= 0 �,

�g^�Ýüz�§ (15) �n�����éA�
n�����¢Ü���Ä�þØ�	>|rÝ
�Czu)UC, �ÙJÜ���K�	>|r
Ý���k'. ù`²	>|ég^Ú^��Æ·
�K�é�, �	>|ég^Ú^��g^µþL
§Kk�½§Ý�K�. ã 5 ¤«��	>|rÝ
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�ØÓ��g^Ú^��g^4z�Ý��m�
Cz'X. lã¥�±wÑ, �	>|rÝ���
u)UC�, �,g^Ú^��g^µþL§�
	>|rÝ� ��k', �ÙÆ·KÄ�� ±
ØC, `²g^Ú^�3	>|e´�~½�.

ù�A5ég^Ú^��¢SA^�U´ék
¿Â�.

4 ( Ø

�©|^�²;�g^�ÝÝ
�{é��
g^;�ÍÜ>fí¥±Yg^Ú^��½
5?1
�
ïÄ, :ïÄ
±Yg^Ú^�
�Æ·�ÙÅ¥!16f[£Ç!§Ý!Rashba-

Dresselhaus g^;�ÍÜrÝ!	>|rÝ�Ï
��m�'X. O�(JL², � Rashba Ú Dres-

selhaus ü«g^;�ÍÜ~ê������, g^
Ú^��Æ·3ÙÅ¥ q �u,�A½� qmax �

äk���; T¸�Ñy� � (= qmax ���)

Ì��ûu Rashba-Dresselhaus g^;�ÍÜ~ê
���, �16f[£Ç!§Ý!	>|rÝ�Ï
�Ä�Ã', �¸����K�16f[£Ç�~
�×�~�, `²,�Ñ��Aég^Ú^��
½5kXwÍ�K�, ,�Ñ��A�r, g^
Ú^��Ø½. §Ýég^Ú^��½5�k
�½K�, §Ý�pg^Ú^��½5��. 	
>|ég^Ú^��½5�K�K�~�. d	
O�(J�L², � Rashba Ú Dresselhaus ü«g
^;�ÍÜ~ê���Ø���*dé�C�, g
^Ú^��Æ·�ÙÅ¥�m�'X�ü«g^
;�ÍÜ~ê�������¹�~aq. ÏLò
©¥¤���Ü©nØO�(J��C��
�
'¢�(J?1'�, uyüö�m��´ÎÜ�,

`²�©¤|^�ù«{z��²;g^�ÝÝ

�{U
é¢SÔnXÚ¥±Yg^Ú^��
�
Ä�A5�±�Ð�nØ£ã.
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Abstract

We study theoretically the stability of persistent spin helix in two-dimensional electron gases with spin-orbit coupling by a semi-

classical spin density matrix method. The possible influences of disordering scattering, temperature, spin-orbit coupling strength and

external electric field on the lifetime of persistent spin helix state are investigated. The theoretical results are found to be in agreement

with some recent relevant experimental results.
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