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^{� Shubnikov-de Hass (SdH) ��Ú"|g^©�Úå�ûª. �©JÑ�«)Û��{, =ÏLÓ�[ÜØÓ
��^|e SdH ���Fp�C�Ì, ��k� g Ïf���.
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1 Ú ó

DÚ�>fì�±>f�>Ö��&E�1
N, 
�Ñ
>f�g^5. g^5�é>Ö5
äk�´�5, N´�	\^|ö�, �Z�Ý
Úµþ�m��`: [1]. g^�ù
A5¦·�
k�UuÐ'DÚ>fì�º���, õÑ�$,

õU�r�g^>fì� [1]. XÛ¢yé>fg
^�ö�, ´ï�g^>fì��'�. 1990 c,

Datta Ú Das[2] JÑ
g^|�A¬N+. §��
�>6´d InGaAs/InAlAs þf²/¤���>f
í (2DEG), 
¦4´g^���Ó�c^á�, »
4��^´ÏLUC��¥>fg^?Ä���
5��
¦>6���.

3$��é¡��NÉ�(9þf²(�¥,

du(��üØé¡ (SIA) ¤��� Rashba �
A [3], ¦�>fg^{¿)Ø, 3"^|eØÓg

^��>fUþÒ¬u)©� ("|g^©�)[4,5].

du Rashba �A�±ÏL»Ø�� [6,7], k�U^
5¢y Datta Ú Das JÑ�g^|�A¬N+. 3
g^>fì�¥, >f� Rashba g^;�©��
�^{�)ûª�� [8]. ÏLé^{ûª���©
Û, �±¼��>fg^k'�Ônþ (Rashba X
ê,"|g^©�U, k� g Ïf�) ±9&¢XÛ
¢yg^>fì� [9,10].

�^|�3�, K�U?��u)g^©�,

=lù©�. Ïd, o�g^©�U�¹"|g^
©�U (� Rashba g^;�ÍÜk') Úlù©�
U (�k� g Ïfk') ��z. DÚÿþ g Ïf�
�{k±eA«: 1) 3��^|¥é�¦p�^{
� Shubnikov-de Hass (SdH) ��ÌÝ�"��.
��5O�Ñk� g Ïf [11]. �.��3¢�¥
´éJ(½�, I�ÿþ��õ����Ý, 
�
é g Ïf���¬~X HgCdTe ÄB���N, Ù
�.���~�C 90◦, JÝÒ��. ù«�{��
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� g Ïf°Ý�'�$. 2) 3ð½^|¥\þ�Å
N�, Ò�±k�U3 SdH ÿÁ¥*	�;.�>
fg^��¸ [12], >fg^��¸� ���� g

Ïf��k'. �´ù«�{I�Ú\�ÅÿÁX
Ú, ¿�>fg^��¸�rÝ�f, N´�D(
ùX. 3) �âp|e SdH ���g^©�¸¤éA
�^| �O�k� g Ïf [8,14]. ¤��´p|e
�k� g Ïf, �$|Ú"|�k� g Ïfk�O.

4) �â$|ed"|g^©�Úå� SdH ûª!
:¤éA�^| �í�"|g^©�UÚk� g

Ïf [7,15]. �´ù«�{�¦ûª!:�ê'�õ
â°(. 3^Ñ$©Û¥, l SdH ^{­��Fp
�C�Ì�±��>f�Ý©Ù­� [7,15]. Shang

� [16] ÏL[ÜVf�Óâ InGaAs/InAlAs �¬3
R�^|e SdH �����©�ü^Fp�C�
Ì, ��z�f�>f�ßÝ!Ñ$Ñ��m!þ
fÑ��m±9f��m�Ñ��m. Zhou � [17]

ÏL[Üüf�Óâ InGaAs/InP �¬3R�^|
e�ü^g^©�Fp�C�Ì, ��g^�þÚ
�e>f�þf[£Ç. ·�JÑ
�«Ó�[Ü
õ^Fp�C�Ì�)Û�{, éu�3d"|g
^©�Úå� SdH ûª�¬, ØI�°(ÿþ�.
��, �Ø�¦ûª!:��ê'�õ, �I�3
R�|ÿþÄ:þ2ÿþeZ���Ý, Ò�±Ï
LÓ�[ÜØÓ���Ý� SdH ���Fp�C
�Ì, ¼���°(�k� g Ïf.

2 ¢ �

�©¤^�k»N��,� In0.53Ga0.47As/InP

þf²�¬, ´æ^zÆå	òó²)��. ¤^
��.´ (100) ¬���ý� InP �.. k3 InP �
.þ)� 500 nm þ���, InP �À�, ,�2)
� 10 nm � Si �, InP � (�,ßÝ 4×1017 cm−3),

2)� 10 nm ��, InP m��, 2)� 10 nm �
�, In0.53Ga0.47As ���, ��2)� 20 nm �
�, InP º�. ,�^1�Ú�{�¡Eâò�¬
\ó¤¿�q(�, ¿3 SiO2 ý��þCX7á
»4. 3^Ñ$ÿÁL§¥, §Ý��3 1.3 K, k
¦^|R�u�¬L¡, ÿþ�¬3ØÓ»Øe�
Ñ$5�. ,�^=�¬¦^|��¬L¡{�©
O¤ 36◦ Ú 56◦ Y�, ÿþ�¬3ØÓ»Øe�Ñ
$5�.

3 (J9?Ø

·�Äk�±^|R�u�¬L¡, 3 1.3 K

$§eN!»Ø��, ?1^Ñ$ÿÁ. ã 1 �Ñ

�¬»Ø©O� −0.4 V, −0.3 V, −0.2 V ��p
�>{Ç (ρxx) �^| B �Cz­�, �ã�Ñ

�A�î�>{Ç (ρxy) �^|�Cz­�.� � �� � �� � �� � �� � �� �� ��� 	 
 ��
� � � �� � �� � �� � �� � �� � � � � �� � �

� � � � � � � � � � � ! " # $ % & ' ! � ( � � � ' ! � ( � � � ') * *+ * ** * , )* , -* , +* , .* , * / 0 1 2 3/ 0 1 4 3/ 0 1 5 3
ã 1 3§Ý� 1.3 K �^|R�u�¬L¡^�e, lþ

e©O´»Ø� −0.4 V, −0.3 V, −0.2 V ��p�>{
Ç ρxx �^| B �Cz­�. �ã¥, lþ
e©O´»Ø
� −0.4 V, −0.3 V, −0.2 V ��î�>{Ç ρxy �^| B �
Cz­�

Xã 1 ¤«, l"^|m©, ρxx Äk�X^|
�O�
~�, Ly�K^>{, ¿�»Ø�K, $
|e�K^{�²w. K^{Ì�´d>f - >f
�p�^ [18] Úå�. du>f - >f�p�^�
>fßÝ¤�', Ïd»Ø�K, >fßÝ�$, >
f - >f�p�^�r, K^{�²w. �^|p
u 0.4 T �, ρxx m©Ñy SdH ��, ¿�3 0.65 T

NCk��ûª!:. ûª´d Rashba g^;�
ÍÜ�)�"|g^©�Úå� [8]. ÏL��[Ü
$|��Sî�>{Ç ρxy ­���5Ü©, ·�
��
»Ø� −0.4 V, −0.3 V, −0.2 V éA�¿�
ßÝ nH ©O� 5.81×1011 cm−2, 6.23×1011 cm−2,

6.65 × 1011 cm−2. 2�â ρxx(B = 0) = 1/nHeµH,

� � þ ã » Ø ¤ é A � ¿ � [ £Ç µH © O
� 8.26×104 cm2·V−1·s−1, 8.48×104 cm2·V−1·s−1,

8.64 × 104 cm2·V−1·s−1.

,�·��±§Ý 1.3 K ØC, ÏL^=�
¬5UC^|��¬L¡{��Y� θ, 3ØÓ
^|��e?1C»ØÿÁ. ã 2 �Ñ
»Ø
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� −0.3 V, ^|��©O� 0◦, 36◦, 56◦ �, ρxx

�o^|� SdH ��­�, �±wÑûª!:� 
��p|£Ä. �ã´ ρxx �^|R�©þ� SdH

��­�, �±wÑûª!:éA�R�| �Ä
�ØC.� ��� � � ����

� 	 
� � 
 � � � �� � � � � � � � � � � � � � �� �  � !  � "  � �  �   #  � $ %� $ �� $ "� $   $ & $ % $ �
' ( )' * )' ) ) ) + ,) + -) + (� . / 0 1� . 2 0 1� . 3 1� . / 0 1� . 2 0 1� . 3 1

ã 2 »Ø� −0.3 V, ^|��¬{�Y�©O� 0◦ (�
%��), 36◦ (¢%:), 56◦ (¢�) �, ρxx �o^|� SdH

��­�. �ã¥, lþ
e©O´ 56◦, 36◦, 0◦ � ρxx �
^|R�©þ� SdH ��­�. �
�ßå�, �ã¥ 36◦

Ú 56◦SdH ��­�©O�þ²£
 10 Ω Ú 20 Ω

3��^|e (^|��¬L¡{�Y� θ, ^
|R�©þ B⊥ = B cos θ), �>fÓâü�f��
g^{¿�)Ø�, p�^{���Ü©�d²;
� SdH úªL« [19]

∆ρxx(B) =4ρ0D(T ) exp
(
− π

ωcτq

)
cos

×
[
2π(EF − E)

~ωc
− π

]
, (1)

Ù ¥ ρ0 ´"| p � > {, τq ´ > f � þ f
Ñ � � m, ωc = eB cos θ/m∗ ´ > f £ ^ � �
ªÇ, m∗ ´>fk��þ (éu In0.53Ga0.47As,

m∗ = 0.044 m0
[20]), D(T ) = (2π2kBT/~ωc) =

sinh(2π2kBT/~ωc) ´ 9 P ~ Ï f, EF ´ ¤ � U
þ, E ´g^{¿f�Uþ, EF − E = nπ~2/m∗,

n = n+ + n− ´g^�þ>fßÝ n+ �g^�
e>fßÝ n− �Ú. (1) ª�{u� cos[2π(EF −
E)/~ωc−π] = cos[πnh/(eB cos θ)−π] ´'u 1/B

�±Ï¼ê, ÏdXJ3 1/B �m�¯�Fp�C
� (FFT), K3ªÇ f = nh/(2e cos θ)  �òÑy
�� FFT ¸, éAoßÝ n ���.

�g^{¿�d Rashba �AÚå�"|g^

©�)Ø�, p�^{� SdH ��Ñyûª!:,

o� SdH ��Ly�g^�þf�Úg^�ef
� SdH ���U\ [17]

∆ρxx(B) =2ρ0

∑
±

D(T ) exp
(
− π

ωcτq±

)
× cos

[
2π(EF − E±)

~ωc
− π

]
, (2)

Ù¥ τq± ´g^�þÚg^�ef�>f�þ
fÑ��m, E± = E ± δ/2 ´g^�þÚg^
�ef��Uþ, δ ´o�g^©�U, �¹"
|g^©�U ∆0 �lù©�U g∗µBB(g∗ ´k
� g Ïf, µB = e~/2m0 ´À�^f, m0 ´gd>
f�þ) üÜ©��z. b� δ = ∆0 + g∗µBB,

K g ^ � þ Ú g ^ � e � { u � cos[2π(EF −
E±)/~ωc −π] = cos[π(nh∓m∗∆0/~)/(eB cos θ)∓
πm∗g∗/(2m0 cos θ) − π] ' u 1/B � ªÇ© O
� f± = (nh ∓ m∗∆0/~)/(2e cos θ), Ïd FFT Ì
ò Ñ y d g ^ ©�Ú å � V ¸ ( �. d f± =

(nh∓m∗∆0/~)/(2e cos θ) �±�� ∆0 = [e~(f−−
f+)/m∗] cos θ ±9 n = (ef+/h + ef−/h) cos θ. Ï
d FFT V ¸   � f± © O é A g ^ � þ Ú g
^ � e > f ß Ý n± = (ef±/h) cos θ. FFT V
¸ � m å � N
ß Ý �, � Ò ´ ∆0 � � �.

� â F p � C � ú ª F (u) =
∫

f(x) e−iuxdx,

FFT g ^ � þ ¸ p A+ Ú g ^ � e ¸ p A−

© O � ' ~ u g ^ � þ Ú g ^ � e SdH �
� � � Ì D(T ) exp[−π/(ωcτq±)] cos[2πf±/B ∓
πm∗g∗/(2m0 cos θ)], Ïd A+/A− �N
 τq+/τq−,

A± �����Cz�N
 g∗.

XJ�Ñ τq± ��É, K (2) ª�z�

∆ρxx(B) =4ρ0D(T ) exp
(
− π

ωcτq

)
× cos

[
2π(EF − E)

~ωc
− π

]
× cos

(
πδ

~ωc

)
. (3)

e δ = ∆0 + g∗µBB, K (3) ª�?�Úz�

∆ρxx(B) =4ρ0D(T ) exp
(
− π

ωcτq

)
× cos

(
πnh

eB cos θ
− π

)
× cos

(
πm∗g∗

2m0 cos θ
+

πm∗∆0

e~B cos θ

)
. (4)
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(3) ªÚ (4) ª�1��{u�´ªÇ�, û½

o� SdH ���ªÇ, 1��{u�´�Ì�ä
�. �"|g^©��3�, �Ì�ä cos(πδ/~ωc)

´ 1/B � ± Ï ¼ ê. � δ/~ωc = ν (ν � � �
ê) �, �Ì�ä�", Ñyûª!: [8]. XJ
Ø�3"|g^©�, K δ = g∗µBB, �Ì�ä
� cos[πg∗m∗/(2m0 cos θ)] ´�^|��k'
�
^|��Ã'�~ê, d� SdH ��Ø�3ûª!
:. � cos θ = g∗m∗/m0 �, SdH �Ì�". DÚÏ
L�.��(½k� g Ïf��{, ´ÄuØ�3
"|g^©�½ö3p|e"|g^©��éu
lù©��±�Ñ (∆0 ¿ g∗µBB) �^�e, ÏL
ÿþ¦ SdH �Ì�f��.�5(½ g∗. Ïd, �
"|g^©�Ø��Ñ�, ±þ�{��� g∗ k
Û�5.

¢Sþ, o�g^©�U�"|g^©�U±
9lù©�U�'X'�E,. R�|eog^
©�UL�ª� |δ| =

√
(~ωc − g∗µBB)2 + ∆2

0 −
~ωc

[14]. d c ¤ ã, û ª ! : Ñ y � ^ �
´ δ/~ωc = ν (ν ���ê), Klp|�$|O
ê, 1 i � û ª ! :   � ¤ é A � o g ^ ©�
U � |δi| = (i − 0.5)~ωc

[8]. � ± ^ ú ª |δ| =√
(~ωc − g∗µBB)2 + ∆2

0 − ~ωc [Üõ�ûª!:
 �¤éA�g^©�U |δi| 5(½ g∗ Ú ∆0

[14].

�´ù«�{��I�ûª!:��ê'�õâ
°(. 3��^|e, o�g^©�UA?�� [20]

|δ| = ~ωc

√
P − 2

√
Q, (5)

Ù¥

P =2(1 − βz)2 + 2(β2
z + β2

x) + (∆0/~ωc)2,

Q =[(1 − βz)2 − (β2
z + β2

x)]2

+ (∆0/~ωc)2(1 + β2
x),

βz =g∗µBm∗/(2e~),

βx = βz tan θ. ��� θ = 0◦ �, ��|g^©�
U (5) ª�z�

|δ| = ~ωc

[√
(1 − 2βz)2 + (∆0/~ωc)2 − 1

]
=

√
(~ωc − g∗µBB)2 + ∆2

0 − ~ωc,

=R�|g^©�Uúª. dã 1 Úã 2 ��, SdH

��ûª!:?��ÌØ�", ù`² τq± ´Ø
Ó� [17,21]. du FFT g^©�V¸�må�N

 ∆0, V¸pÝ�'�N
 τq+/τq−, V¸pÝ�

���Cz�N
 g∗, Ïd�±ò��|eog
^©�U (5) ª�\g^©� SdH(2) ª¥2�F
p�C�, ,�Ó�[ÜØÓ^|�� θ e SdH

���g^©� FFT ¢�Ì, �� g∗, ∆0, τq± �
°(�.

éÓ�»Ø (−0.3 V) eØÓ^|�� (0◦, 36◦,

56◦) � SdH ��¢�­�¦±��²w�I�
¼ê fw(B−1

⊥ = x) = {0.5[1 − cos(0.5πx)]}5, ,�
3 1/B �m�Fp�C�, *	�;.�V¸(
�, Xã 3 �%ÎÒ¤«. aq�I�¼ê3e
Z©z¥��^5UõFp�©Û [17,22,23]. d
ã 3 ��, FFT �V¸pÝØÓ, `² τq± ���
ØÓ [17].

ã 3 »Ø� −0.3 V, ^|��¬{�Y�©O� 0◦ (�%
��), 36◦ (�%n�), 56◦ (�%�¬) �, ρxx �¢� FFT

Ì¶¢�´Ó�[Ün^¢� FFT Ì�(J

3[ÜL§¥, À� n, τq±, ∆0 Ú g∗ ���
Ó�[Üëþ (Ø���Cz). ÏLÏé��þ
�Ø�

σ2 =
1

MN − p − 1

M∑
j=1

N∑
k=1

|F exp
j (uk) − F cal

j (uk)|2

=
1

MN − p − 1

M∑
j=1

N∑
k=1

∣∣∣∣ ∫ B1

B2

[∆ρexp
xx,j(B)

− ∆ρcal
xx,j(B)]fw(B)B−2 e−iuk/B dB

∣∣∣∣2, (6)

� � ë þ � [ Ü �. Ù ¥ M(= 3) ´ Ó � [ Ü
� ­ � ^ ê, u ´ F p � � Ý C þ, N ´ u À
��ê, p(= 5) gdëþ��ê, ∆ρexp

xx,j(∆ρcal
xx,j)

Ú F exp
j (F cal

j ) ©O´��� θj �, SdH ��Ú FFT
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Ì�¢�� (nØO��). �
(�[Ü°Ý, u

�m�À�� 0.01 T. ·�3»Ø −0.3 V e, Ó�
[Ün���� FFT Ì, Xã 3 ¤«. [Ü��
oßÝ n = (6.245 ± 0.001) × 1011 cm−2(�¿�
ßÝ nH = 6.23 × 1011 cm−2 �C),"|g^©�
U ∆0 = (2.021± 0.007) meV, g^�e>fþfÑ
��m τq− = (2.375 ± 0.002) × 10−13 s, g^�þ
>fþfÑ��m τq+ = (2.295±0.003)×10−13 s,

k� g Ïfýé� |g∗| = 3.58 ± 0.13. [ÜFp�
Ì�^|��´ 0.25 T< B cos θ < 2 T, lù©�
U��� 0.05 meV � 0.72 meV, ÎÜlù©�Ú
"|g^©�Ó��3�^�. XJvk"|g^
©�, SdH ��Òvkd"|g^©�Úå�ûª,

g^©� FFT V¸Ü¿¤ü¸, τq+ = τq− = τq.

d� (5) ª�z� |δ| = |g∗µBB|, òÙ�\ (3) ª,

[Ü FFT Ì�^|���P~��±��k� g

Ïf. �
u�Fp�)Û[Ü��k� g Ïf
�{�k�5, ·�2^,�«�{��k� g

Ïf. �½"|g^©�U ∆0 = 2.021 meV(Ó
�[ÜC�Ý FFT Ì�(J), �âR�|e�¬
ûª!: �¤éA�g^©�U, ^úª |δ| =√

(~ωc − g∗µBB)2 + ∆2
0 − ~ωc �� |g∗| = 3.49, �

CÓ�[ÜC�Ý FFT Ì¤���k� g Ïf. �
�/, ûª!:�õ, ^|���õ, Ó�[ÜC
�Ý FFT Ì¤���k� g Ïf�°(5Ò�p.

d (2)—(4) ª��, SdH ûª����Ì�Ñ��
m (�'u[£Ç) ¤�', Ïd[£Ç�p, Ò�
k�U*ÿ��õ�ûª!: (·���¬du[
£Ç¤��*	���ûª!:). du FFT Ì�
�Ì�'u SdH �Ì, Ïdûª!:�ê�õ, [
£Ç�p, FFT Ì�¸Ò�kb, [Ü FFT Ì¤�
�k� g Ïf�°ÝÒ�p. ·�2?�Ú'�Ó
�[Ü 2 ����Ó�[Ü 3 ���¤���k
� g Ïf. Ó�[Ü 0◦ Ú 36◦ ��� FFT Ì, �
� |g∗| = 3.63; Ó�[Ü 0◦ Ú 56◦ ��� FFT Ì,

�� |g∗| = 3.75; Ó�[Ü 36◦ Ú 56◦ ��� FFT

Ì, �� |g∗| = 3.24. ��, Ó�[Ü?¿ 2 ��
� FFT Ì¤���k� g Ïf�ÅÄ��, �Ù²

þ��� 3.54, �Ó�[Ü 3 ��� FFT Ì¤��
�k� g Ïf 3.58 �C.

· � 2 ^ Ó � [ Ü 3 � � � FFT Ì � �
{, � �
» Ø � −0.2 V Ú −0.4 V � � k
� g Ï f. n � » Ø e � k � g Ï f X ã 4

¤ «. � ± w Ñ, � X » Ø (ß Ý) � C z, k
� g Ï f � � � 3 3.5 N CÑk Å Ä. ù �
ê � � � ' © z � � � � C. ~ X, Das � [14]

� � In0.6Ga0.4As/In0.52Al0.48As � |g∗| = 2.8,

Nicholas � [24] �� InGaAs � |g∗| = 3, Perea � [25]

�� In0.53Ga0.47As � |g∗| = 3.38, Nitta � [11] �
� In0.53Ga0.47As/In0.52Al0.48As � |g∗| = 3.8, Vehse

� [26] �� InGaAs/InP � |g∗| = 4.5.

ã 4 l��m©O´»Ø� −0.4 V, −0.3 V, −0.2 V ��
k� g Ïf[Ü(J

4 ( Ø

| ^ z Æ å 	 ò { � � 
 p [ £ Ç
� In0.53Ga0.47As/InP þf²�¬. 3ØÓ^|�
�e, é�¬�?1
$§^Ñ$ÿÁ. *	�p
�^{� SdH ��Ú"|g^©�Úå�ûª. J
Ñ
�«)Û��{, ÏLÓ�[ÜØÓ���Ý
� SdH ���Fp�C�Ì, ��
��O(�k
� g Ïf.
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Abstract

High-mobility In0.53Ga0.47As/InP quantum well is fabricated by the chemical beam epitaxy technique. Clear Shubnikov-de

Hass (SdH) oscillation and beating pattern due to zero-field spin splitting are observed by magnetotransport measurements at low

temperature. We use an analytical method, involving the simultaneous fitting of fast Fourier transform spectra of SdH oscillations at

different tilted fields, to extract the effective g-factor.
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