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>{ªØ^�� (RDNMR) ÿþ´ 1988 cd�IêÊ¤� von Klitzing ïÄ�|�é GaAs ��>fí¥�þ
Øg^�&ÿ
JÑ��«äk�p(¯Ý�¢�Eâ. 8c, RDNMR ®²¤�ïÄü�½V� GaAs ��>f
íØg^Ú>fg^A5�­�Ãã. du�¢y>{ªØ^��ÿþ¤ïá�Ä�Ø4z�{r��6u GaAs

Ak�á�á5, �8ù�Eâ��vk*ÐA^�Ù¦��N$�XÚ¥. �C, �ïÄ�|uÐ
�«Ä�Ø
4z#�{, ¤õ¢y
é;.Ä���NIz� (InSb) ��>fí�>{ªØ^��ÿþ. �©30�>{ªØ
^��ÿþó��n9®ïá�;.Ä�Ø4z�{�Ä:þ, X­?Ø¤JÑ�Ä�Ø4z#�{�Ån!¢
�(J±9é8�ïÄ�Ð".

'�c: ��N��>fí, >{ªØ^��ÿþ, Ä�Ø4z, Ä���N

PACS: 73.43.–f, 31.30.Gs

1 Ú ó

¯¤±�, Ø^�� (NMR) Eâ±Ù�p�
(¯Ý!O(ÝÚ©EÇ
�±×�uÐ, 8c
®²¤�©ÛÔ��Ôn!zÆ9>f(��A
5�­�Ãã. Ï~, DÚ� NMR ÿþ�¦�ÿ
�¬¤¹�fØ�ê8��3 1015—1018. Ïd,

TEâ¿ØU��A^udüÉ�(½üþf²
�����N��>fí (2DEG) XÚ (�fØ
ê8�u 108). 1988 c, �I�¾ · �|� (Klaus

von Klitzing, Ïuy�êþf¿��A¼�
 1985

c�ì��ÔnÆø) ïÄ�||^>fg^�
� (ESR) p��Ä�Øg^4z (dynamic nuclear

polarization, DNP) �{ (�6u>fg^ÚØg^
��°[�p�^) 3ü� GaAs/AlGaAs 2DEG ¥

Äg¢y
é Ga ØÚ As Ø (Øg^ IN þ� 3/2)

� NMR ÿþ [1]. Ï�T NMR Ì´ÏLé 2DEG

p�>{ (longitudinal resistance Rxx) �ÿþ5L
��, ¤±q¡�>{ªØ^�� (resistively de-

tected NMR, RDNMR) Ì. d u Ø g ^ 4 z ��
�Cz¬�� Rxx k��²w�UC, Ïd RD-

NMR äk�p�&ÿ(¯Ý. 1999 cTïÄ�
|q3 GaAs/AlGaAs 2DEG ¥|^©êþf¿�
� (FQHS) �Aká5¢y
 RDNMR[2]. gd,

RDNMR �2�A^u GaAs 2DEG >fg^ÚØ
g^ÄåÆ±9Øg^þf'A�ïÄ [3−10], ¤
�$�þfÔnïÄ+����9:. I��Ñ
�´, RDNMR EâuÐ�8®²k��õc�{
¤, �´¤k¢�Ñ�Û�3 GaAs/AlGaAs XÚ
¥. ùÌ�´du8c¤ïá� DNP �{r��
6u GaAs XÚ�ÕAá5: ��K� g Ïf (N
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á� g �� –0.44, éAu��>fg^lù3�,

·u ESR ö�) Ú�p�>f[£Ç ((� FQHS

��3).

� C, ·� 3 ; . Ä � � � N InSb/AlInSb

2DEG ¥Äg¢y
éäkpØg^ (IN > 5/2)

� In ØÚ Sb Ø� RDNMR ÿþ [11−13], AO´*
ÿ�
dØ>o4�°[�p�^Úå� 115In

Ø (IN = 9/2) ��?Øg^3�, ùéu�ïÄu
Øg^�õþf'Aäk­�¿Â. � GaAs XÚ
ØÓ, InSb XÚäkã�� g Ïf (Ná� g ��
–50, �� GaAs � 100 �) Ú$�>f[£Ç (�
k GaAs XÚ�A�©��, vk FQHS). Ïd,

3 GaAs 2DEG ïá� DNP �{ØUA^� InSb

�¬¥. �d,·�|^ InSb �� g ÏfuÐ
�
«#� DNP �{, 3�êþf¿�� (IQHS) ¢y

é InSb 2DEG � RDNMR ÿþ.

�©1 2 !Äk0� RDNMR �ÿþ�n9
�DÚ NMR ÿþ�«O; 1 3 !0�A«3 GaAs

2DEG ¥ïá�;.� DNP �{9Ùó��n;

1 4 !Ú1 5 !�[0�·��é InSb 2DEG ¤
JÑ� DNP #�{9Ån!RDNMR �ÿþ(J
�?Ø; 1 6 !�Ñ(ØÚé8�ïÄ�Ð".

2 RDNMR ÿþ�n

ã 1 �Þ
 RDNMR ÿþ�DÚ NMR ÿþ
�Ì�«O. DÚ� NMR ÿþ´ò�¬��u·

^| Bstatic ¿|^T^|¦�¬¥�Øg^u)
4z, Ù^zrÝ Mz ÷ Bstatic �� (z ¶, ��þ
ã). ��, ÏL73�¬þ����)�óÀ^
| Bp(X π/2 óÀ) ¦ Mz �=�Y²��. d�Ø
g^3 xy ²¡S^=�Ù^zrÝ��mu)P
~. ù�L§¬3��¥�)�AÑÑþ (>6½
>Ø) �Cz, l
��¤¢�gdp�PC (FID)

­�. ÏLFp�C� (FFT) ò FID ­�d�m
�=C¤ªÇ�B�� NMR Ì�. p�ÿþ&D
'�¦¤ÿ�¬¥Øg^�ê83 1015—1018, Ï
d, DÚ NMR ÿþÌ�´�én� (3D) Ná��
¬
Ø·^u$�XÚ (¤¹Øg^�ê8��
�u 108). RDNMR ÿþÓ�´ò 2DEG �¬ (�
�¤¿� bar ì�) ��u·^| Bstatic ¥, �d
� Bstatic ´^53 2DEG ¥/¤þf¿��
Ø
´4zØg^. ùpØg^�4z´ÏL DNP �
{¢y�, =|^>fg^�Øg^��°[�
p�^ (hyperfine interaction coupling, h.f.c.) ¦Øg
^Ü©½�Ü��u>fg^�üÙ
���
«Ä��²ï. Ø4z��, ÏL73�¬þ�
��¤�)�ëY (CW) ��C^| Bosc ¦Øg
^u)ò4z (Ù��ªÇ�ûu�AØ�^^
'). ò4zL§²d h.f.c. �^ (Hhf.c. ∝ AIzSz ,

A�^�°[�p�^~ê, Iz �Ø�Äþ I 3 z

���ÝK, Sz �>fg^�Äþ S 3 z ��
�ÝK) ¬K��>fg^�lù3� Ez . d
u,
A½þf¿���p�>{ Rxx � Ez ÷� � � � � � � � � � � � �� � � 	 
� � �
 � � � 
 � � � 
 � �� � � � � � � � � � � � �� � � � � � � � � � � � � 
 � � � � � � � �! " � �# $ # %� � � � � � & � � '� ( ) � ) * ) �++ ! , - ./ 0 1 2 1 . 1 3 4 # 5 6 4 # � 6 �7 � 3 8 9 : � ! ; + ! < = 6 �! >

∝
4
<

# �
>/? 9 :@ AB � � � �� � ! - C D C E . ! - C D C E .� ! - C D C E . � ! - C D C E .F G

ã 1 RDNMR ÿþ�DÚ NMR ÿþ�'�
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v Rxx ∝exp (−Ez/kT ) (k�À�[ù~ê, T �§
Ý), ÏdØg^�ò4zL§¬UC Rxx, u´B
��d>{Cz¤L�� NMR Ì�, = RDNMR.

dd�±wÑ, RDNMR �¤±äk�p�&ÿ(
¯ÝÌ�´duØg^4z���Cz�� Rxx

��²w�UC. I��Ñ�´, DÚ NMR ÿþ
�uÿ�ª´Äu>^aA, ÙuÿþéAu Mxy

�Cz; 
 RDNMR �uÿþ Rxx ��éAu Mz .

Ïd, RDNMR �·Üuõ�Øg^� (|m〉, �û
u�Äþ L 3 z ���©þ) þf�Z (quantum

coherence) �&ÿ�L� [6].

3 GaAs 2DEG ¥ïá� DNP �{9
ó��n

�¢y RDNMR ÿþ, �ÿ�¬�Øg^Äk
�?u4zG�. Øg^�4z�ª�±©�·�
ÚÄ�ü«. ¤¢·�Ø4z´�|^$§Úr^
|¦Øg^u)4z (�lÀ�[ùÚO)[14]; 
Ä
�Ø4z DNP, Xþ¤ã, ´|^^�°[�p�
^ÏL>fg^�üÙ54zØg^. w,, DNP

�·uéØg^�ö�.

8c, 3 GaAs 2DEG XÚ¥®²ïá
õ«
Äu>^Å½>ÆÃã� DNP �{. >^Å>u
� DNP �{´|^ù	1 (∼ 800 nm, éAu�m
�[)[15−17] ½�Å (A� GHz, éAu>fg^�
lù3�)[1] ¦>fg^u)�Ú4z (d�XÚ
?u�²ï�). ��, 3XÚ¡E�²ï��L§
¥, >fg^u)µþ (relaxation) ¿ÏL^�°[
�p�^¦Øg^u)4z. >Æª DNP KI|
^ 2DEG ,
þf¿���AÏá5. ùp��
0�ü«©OÄu©êÚ�êþf¿�� (FQHS

Ú IQHS) �>Æª DNP �{.

3.1 FQHS «««������>>>ÆÆÆªªª DNP

d u r ^ | e FQHS > f m � p � ^ U
(∼ e2/εl0, e �>f>Ö, ε �0>~ê, l0 �^
§�^| B �²��¤�') ��uK�U?m
�£^��U ~ωc (~ �ÊK�~ê h/2π, ωc �
£^�ªÇ), XJ�ÑpUþK�U?�K�,

ÙÄ�Ì�´d�¥Õ�p�^��'�M�
îþ¤û½ [18]. d�, XÚ�Uþd e2/εl0 5

I½¿dd�Ñ FQHS �k��þ m∗, m∗ ´�
^|�'� (m∗ ∼ 1/l0 ∼

√
B)[19]. Ïd, FQHS

� ~ωc (= e|B − 2nΦ0|/m∗, n ��ê, Φ0 �^Ï
þf) �

√
B ¤�'. ù�dÄU�M�îþÓÌ

�� IQHS Ù£^��Uþ ~ωc (= eB/m∗) � B

¤�'²wØÓ. ¾ · �|�ïÄ�|�´|^

 FQHS �ù�A5¢y
 DNP, ÙÅnXã 2

¤«. FQHS �Ä�âf�±w�´d��>f
�óê� (2n) ^Ïþf Φ0 (Ü
/¤�EÜ¤
�f (composite fermions). >fNXW¿Ïf υ

(=>fÓâ�K�U?ê8) �©ê� FQHS �
±w¤´EÜ¤�fNXW¿Ïf υ∗ ��ê
� IQHS (X υ = 2/3 � FQHS Ò´EÜ¤�f υ∗

� 2 � IQHS). ã 2 J�I«
EÜ¤�f υ∗ = 2

IQHS �¤�U? EF. $^|«� EF ekü�K
�U?�Óâ, éA�´�$K�U? (n = 0) l
ù3� (Uþ� ~ωs = gµBB, µB �À�^f) g
^�þ (↑) Úg^�e (↓) �ü�f�. �X	\
^| B �O�, ~ωs � B �5O\; �Ó� n = 0

Ú n = 1 K�U?må ~ωc %Xþ¤ã�
√

B O
\. ducöCz¯u�ö, 3,�A½^| Bc

Ò¬u)K�U?��U [(0, ↑) Ú (1, ↓)]. u´,

3 Bc üýÒ/¤
>fg^4z^Æ [(0 ,↓), (1,

↓)] Ú�4z^Æ [(0, ↓), (0, ↑)]. Ï�3�U?U
þ{¿, 34z��4z^ÆmDÑ�>fÙg^
u)�=�¤IUþé�, �±÷v>fg^�
Øg^�p�=L§ (flip-flop) ¥�UþÅð (

Ï~�¹e>fg^�=¤IUþ´Øg^�=
¤IUþ� 1000 �±þ), ?
¢y DNP. �EÜ
¤�fNX� IQHS ØÓ, >fNX IQHS ¥ ~ωs

Ú ~ωc Ñ� B �5O\�  ~ωc À ~ωs, ¤±
\�^|¿ØU¦ÙØÓK�U?u)�U. Ïd,� ��

�� �� � � � � 	� 
 � � 	� � � � 	� 
 � � 
 �
ã 2 EÜ¤�fNXW¿Ïf υ∗ = 2 � IQHS Uþ E �^
| B �'X
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8cT DNP �{�3äk4p>f[£Ç µ ((
� FQHS ��3) � GaAs �¬¥�±¢y.

3.2 IQHS «««������>>>ÆÆÆªªª DNP

Xã 3 ¤«, 3R�^| B (z ��) �^e
� 2DEG �>fòÓâUþ� En = ~ωc (n + 1/2)

(n = 0, 1, 2 · · · ) �K�U?, �z�K�U?kl
ù3�. ÷ y ��6L�¬�>6 I ¬3 x ��
þ�)¿�>| EH (= BI/ensW , ns � 2DEG >
f�Ý). � EH �� (éAu� I) �, K�U?U
þ E = ~ωc(n+1/2)−eEHX +me/2(EH/B)2+Ez

(X ��I¥%, �'u y ���Äþ ky; me �>
f�þ; Ez �g^Uþ) A�Ø�6u x, Øu)U
?��, �ã 3(a); 
� EH �� (éAu� I) �,

K�U?òu)�� (�Ç� −eEH)[20]. � I O�
�,�K��, ���ü�g^f�duÅ¼ê�
�U¬u)>fàBÂB, =g^�e�>f�B
�g^�þ�f�¿u)�=, �ã 3(b). dud
�g^���ü�>fäk�UþA���, Ïd
>f�B�±>u flip-flop ?
¢y DNP[21]. Ï�
�BAÇ� ~ωs �O\
��ü$, ¤±T DNP

�{�·^u� ~ωs (½� g Ïf) ��¬.

�>^Å>u� DNP �{�', >Æª DNP

�´u¢yé�*ºÝeØg^�ö�.

� �� � �� �� ��� � �� �� �� 	 � 
� � 
 � � �� � 
 � � � � � � � � �
ã 3 (a) �>6Ú (b) �>6^�e 2DEG IQHS K�U?«
¿ã z�K�U?�lù3�^¢�ÚJ�I«, °Ý� 2W
� 2DEG �¬9�I���¥ã

4 2DEG Ä�Ø4z#�{9Ån

Xc¤ã, GaAs 2DEG ¥ïá� DNP �{
Ì��6uTXÚ�Aká5: 4p�>f[
£Ç (∼ 100 m2/V·s−1) Ú�� g Ïf (Ná��

–0.44, �Ä>fg^�p�^� 2DEG � –5). ù
��´��o RDNMR î8�3 GaAs XÚ¥¢
y
vkA^�Ù¦��N$�XÚ����Ï.

��òù�äk�p(¯Ý� NMR Eâ*Ð�Ù
¦XÚ, ÒI�uÐ#� DNP �Y.

�C·�JÑ
�«#� DNP �{¿3;.
Ä���N InSb 2DEG ¥¤õ¢y
 RDNMR ÿ
þ [11]. InSb 2DEG Ú GaAs 2DEG �A5ké��
ØÓ, �L 1. Ä���Nr�g^;�ÍÜ (spin-

orbit coupling) ¦ InSb Ná�äk�~��K�
Ïf (� –50), Ù���´ GaAs Ná�� 100 õ
�; 
d InSb/AlInSb þf²��� 2DEG XÚÙ g

ÏfK��3 –39— –88 (�6u>fg^4z§
Ý P , ��e�!). InSb 2DEG �� g Ïf (lù
3�éA���ªÇ3 1013 Hz) Ú InSb ��B�
°Ý (éA��m�[Å��� 6 µm) ¦�>^
Å>u� DNP �{éJ¢�. d	, InSb 2DEG �
� g ÏfÚ$�>f[£Ç (Ã FQHS �3) �Ã
{æ^þ�!0��>Æ DNP �{. �´,·�T
T´|^
 InSb 2DEG �� g ÏfuÐ
�«#
� DNP �{. T�{/Ïu��^|Eâ, ÙÅn
�ã 4. � 2DEG �¬����u^| B ¥, >f
Óâ�K�U?må ~ωc � B �R�©þ Bperp

(= B cos θ, θ���) ¤�', = ~ωc = eBperp/m∗;


z�K�U?�lù3�må ~ωs K�'u B,

= ~ωs = gµBB. y3�Ä>fÓâ��$�ü�
K�U? (n = 0 Ú n = 1). XJO� θ �Ó�O
� B ¦ Bperp �±ØC, K ~ωc �½ØC
 ~ωs �
���5O\. 3,�^|e, >fg^���ü� � � � � �� � �� � � � � 	 
 �� � 	 � �� � 	 
 �� � 	 � � 
 � �
 � � 
 � �� � � � � ��

�
ã 4 ��^|^�e 2DEG K�U?«¿ã

�K�U?òu)�� [(0, ↑) Ú (1, ↓)]. K�U?
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��Ý�ù«Cz3¢�þ�±ÏLÿþ 2DEG

Rxx ¸ �^|�Cz5£±, ��e�!. 3K
��U?�3ü«�¹: �´�Ñ>fm�p�
^, d��C�ü� Rxx ¸3�U?Ü¿¤ü¸,

�ã 4(a), �X���UYO�, ü�K�U?2
g©m, Rxx ü¸q3�¤V¸; �´�Ä>fm
�p�^, �ã 4(b), d�>f��ug^Ó�ü
�±¼�g^�pU5ü$XÚUþ, ?
/¤c
^�, §Ý½"�¬��^Æ(��Ñy, >fg
^4z^Æ [(0, ↓) Ú (1, ↓)] Ú�4z^Æ [(0, ↑)

Ú (0, ↓)] �Æ9©m, �ã 4(c). duù«c^�
´3þf¿�«�/¤�, ¤±¡�þf¿�c^
� (quantum Hall ferromagnet, QHF). d�, QHF �
g^�Ø
�¹g^þfê��¹;�ëþ, Ï
dq¡��g^�. ,	, 3W¿Ïf υ = 2 /
¤� QHF ��¹�$�ü�K�U?, ´�{ü
��g^ QHF. Ï�>f3 QHF Æ9¥�Ñ�´
�«ÑÑ$Ä, »�
þf¿��ÃÑÑ$Ä�
A5 (Rxx = 0), ¤± Rxx O�¿��#>{¸�
Ñy. ù�, 3ü�K�U?�U?�>{¸Øu
)Ü, ¿�Ó�Ñy
��#�>{¸. lm�U
? (QHF), #>{¸��, XÚ?\�~þf¿�
� (Rxx = 0). dd��, K��U?#Ñy�>
{¸´ QHF /¤���I�. 3�U?duUþ
{¿, >fg^ÚØg^�=¤IUþ÷vUþÅ
ð, l
�±¢y DNP. I��Ñ�´, 3ã 4(a) �
K��U?¿Øu) DNP(�e�!). ùL²^Æ
(�éu DNP ´�'­��. du InSb 2DEG �
� g Ïf (½�� ~ωs) (�
 υ = 2 � QHF �±

3�$^| (∼ 10 T) e/¤, Ïd�k|u·�¢
� DNP.

L 1 GaAs 2DEG Ú InSb 2DEG ëê'� (§Ý� 1.6 K)

�¬
GaAs/AlGaAs InSb/AlInSb

2DEG 2DEG

>f�Ý ns/m−2 ∼ 2× 1015 ∼ 2× 1015

>f[£Ç µ/m2·V−1·s−1 ∼ 100—1000 ∼ 15

k��þ m∗ (×me) 0.067 0.017

K�Ïf g ∼ –5 –39— –88

lù3�U ~ωs/meV·T−1 0.3 2.3—5.1

£^��U ~ωc/meV·T−1 1.72 7.2

B�°Ý Eg/eV 1.5 (GaAs) 0.24 (InSb)

5 ¢�(J9?Ø

5.1 ���¬¬¬999ÿÿÿþþþ���{{{

�¢�¤^�¬´3 InSb 2DEG Ä¡þ��
�¿� bar, �ã 5. ��^|¢�!RDNMR Ú
^{ÿþþ´3SC
�¬^=Ä��Dºev
ì (dilution refrigerator, �.§Ý 30 mK) ¥�¤
�. �¬�>f�Ý ns Ú[£Ç µ d$§¿�
ÿþ¼�. p�>Ø Vxx Ú¿�>Ø Vxy d$ª
�6 (13.3 Hz) £���ì!�6x½�6$D(
��ìÿþ. ^=Ä��=Äd>MgÄ��, Ù
^=�Ý θ �±ÏL,��½^|e�¬�¿�
>Ø (Vxy)θ � (Vxy)θ=90◦ (d� B ÷�¬{���)�� � �� �� � � � 	 �
 � � 
 � � � 	
 � � 
 � � � � � � � � � � � � � 	
 � � � 
 � � � � � � � � � � � � � 	� � � 
 � � � � � � � � � � � � � 	� � � 
 � � � � � � � � � � � � � 	� � � � � � � � � � � � � 	� � � � � � � � � 	� � � 
 � � � 	

阱� � � � � � � 
 � � � 
� � � �  �� � � �  �� �� � � �  � � � �
ã 5 (a) InSb 2DEG Ä¡¿¡«¿ã, 2DEG ��3 InSb þf²¥, Si �,� uþf²üý; (b) InSb 2DEG ¿� bar ì
� (W �°, L��) ºÀã, �>6 I ÏL¿� bar �, d¤ÿ>Ø Vxx O�Ñp�>{ Rxx (= Vxx/I); 
d¿�>Ø Vxy �
Ñ¿�>{ Rxy (= Vxy /I), 73¿� bar ¥m���^u RDNMR ÿþ
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�'���. ÏL73�¬þ����)��f�
ëY�C^| (∼ µT) ?1 RDNMR ÿþ.

5.2 InSb 2DEG g ÏÏÏfffÿÿÿþþþ

InSb 2DEG g Ï f � ÿ þ / Ï u � � ^ |
¢�. ã 6(a) ´$§e InSb 2DEG Rxx �^|
� � C z � ¢ � ­ � (Ü © � Ý). ò Ø Ó � �
e Rxx >{¸¸ ¤éA� B Ú Bperp (½W¿
Ïf υ = hns/eBperp) ±¤Ìã, Xã 6(b). éw,,

�X1o!¤ã, Rxx ¸ ����Cz�N
�
�^|^�e 2DEG K�U?�üC: 3$^|«
�����O�K�U?u)��, 3r^|«�
K�U?Øu)�U�k#�>{¸Ñy (^¢�
\­). ù
#>{¸I�X QHF �/¤, �ý«

XT«�>f�p�^Or.

K�U?�U?÷v ~ωs = r~ωc (r ��ê,

¡�U?­Ü'), ?
�±íÑU?­Ü (co-

incidence) ^ �: 2r cos θc = m∗g (θc �­ Ü �).

ã¥�%ÎÒI«
3�ê r Ú�ê υ ? Rxx

� � � � Ú � � � �, l ¥ � ± O � Ñ g ^
4 z Ý P = r/υ ¿ O ( ( ½ Ù � A � ^ | �
� (Bp). 
 P �^|Cz�§Ý½Â�g^^
zÇ (spin susceptibility, χ = nsP /Bp). dã 6(b)

·� � ± � � χ-P ' X ­ �, � ã 7(a). w ,,

χ � P �5O\. d	, �â­Ü^��±í
Ñ χ = nsP/Bp = e/2hm∗g. XJ���¬�
k � � þ m∗, ·� B � ± � Ñ g. m∗ ´ Ï L
é 2DEG SdH �Ä ($^|«�) Å�?� Rxx

�§Ý�Cz­� (dingle plot) ?1[Ü
�Ñ

� � � � � � ��� �� �� �� �� � � � 	
 ���
 � � � � � � � � � � � � � � ����� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �
� � � � � �

� � � � � ������� �� �� � � � � 	�� � � � � � �  � � !� � "� � # �� � � � � �$ � � %� � &� � '(
ã 6 (a) InSb 2DEG Rxx 3��^|e�Cz­�, ��d�ã¤«, ÿþ§Ý� 200 mK, >6� 3 nA (£���ì, 13.3 Hz),
T¿� bar �¬ (W = 40 µm; L = 170 µm) >f�Ý� 1.83×1015 m−2, [£Ç� 14.3 m2/V−1·s−1; (b) ØÓ��e Rxx >
{¸¸ ¤éA� B Ú Bperp (½W¿Ïf υ) 'X­�, ¢�\­I« QHF «�#Ñy�>{¸�¸ , :J�I«K��
U?U?­Ü' r��ê� �

0 0.2 0.4 0.6 0.8 1.0

0.6

0.9

1.2

1.5 (a)

P

 
χ
(e

/
2
h
)

0 0.2 0.4 0.6 0.8 1.0

30

45

60

75

90 (b)

P

|g
|

ã 7 (a) g^^zÇ χ �g^4zÝ P �'X­�; (b) InSb 2DEG g Ïf�ýé� |g| � P �'X­�
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�. ��¬¤ÿ m∗ � 0.016 me �Ø�6u��
½ P [13]. ù�, dã 7(a) B�� g-P �'X­�,

�ã 7(b). l¥�±wÑ |g| � P �5O\: � P =
0 (½ B = 0, éAug^�4z�), |g|∼ 39; � P =
1 (éAug^��4z�), |g|∼ 88. |g| �OþÌ�
5
u>fg^�p�^ [13].

5.3 InSb 2DEG RDNMR ÿÿÿþþþ

5.3.1 υ = 2 QHF � RDNMR ÿþ
υ = 2 NCØÓ��e� Rxx-Bperp 'X­�

Xã 8(a) ¤«. duT«�S>fg^�p�^U
�6u Bperp ¿�� g Ïf�Cz, ¤±K�U?
�Uu)3ØÓ θ. l^{ÿþ�±wÑ, QHF �
/¤«m (�Þ�«) 3 θ = 58.7◦ Ú θ = 61.2◦ �
m. 
eã RDNMR ÿþL² υ = 2 QHF �ý¢«
mò��uT����.

¢�uy, υ = 2 QHF �>{¸r��6u¤
�\�>6 (Isd) ��, �ã 8(b). ~X, 3 Bperp =
3.55 T �>6d 0.08 µA â,\�� 1.4 µA, Rxx

ò��m¤ e �êO\,�ªu²ï, �ã 8(c).

Rxx �þ,�m��3z¦þ?, ù�Øg^�µ
þ�m T1 ��. ��y Rxx �þ,L§´Ä�Ø
g^4z�', �e5·�é�¬?1 NMR ÿþ.

��>6°Ä� Rxx ���Ú�, ÏLé73
�¬þ����\�ª (RF) >6�)î��C^
|¿é�¬?1ªÇ×£. �±uy, éuA½Ø
�3A½ªÇ (fNMR) e¬Ñy Rxx ���¸, �
ã 9. d��ªÇ fNMR ·��±O�Ñ�AØ�
�^^', �L 2. w,, ù
ê�� InSb Ná�
¥�Ø��^^'´���. Ïd, ã 9 Ò´ InSb

2DEG � RDNMR Ì. ¢�¥vk*ÿ� 113In �
�AÌã, ùÌ�´Ï� 113In Ø��g,´Ý�
k 4.3%, �L 3. Ïd·�`ã 8(c) Rxx �þ,´
�Øg^4zL§k'. duØ4z�«��´
3>fg^u)�=�Æ9NC, ©ÙØþ!, ù
�L5¬¦^Æ©Ù�\ÃS, ?
��>f3*
Ð��mDÑL§¥Ñ�Or, Rxx þ,. �d�
�, ò4zL§K�±~�^Æ©Ù�ÃSz, �
¦ Rxx eü (eü�ÌÝéA ∆Rxx), �ã 9.

3 4 5 6

Bperp/T

Bperp/T

Bperp=3.55 T

ν  = 2

53.2O

58.7O

59.5O

60.3O

61.2O

62.2O

57.4O

64.3O

0

 

θ=  
40

|∆Rxx|/Rxx~0.65% (a)

3.0 3.5 4.0 4.5

0

5

10

Isd = 0.08 mA 

Isd = 1.4 mA 

θ=59.5O

θ=59.5O

(b)

0 400 800

4.590

4.635
(c)

/s

R
x
x
/
k
W

R
x
x
/
k
W

R
x
x
/
k
W

Isd=2.33 uA

ã 8 (a) υ = 2 (Bperp ∼ 3.77 T) NC Rxx � Bperp �'X­�, QHF ?�>{¸^�ÞI«, ç:�L&ÿ�� 115In
RDNMR &Ò«�, Ù���L'� |∆Rxx|/Rxx (∆Rxx �Ø4zÚå�>{Czþ); (b) Rxx-Bperp �>6�'X­�;
(c) �>6e Rxx ��mCz�­�
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65.1 65.4 65.7

4.63

4.64

4.65

71.3 71.4 71.5

3.432

3.436

3.440

3.444

38.6 38.7

3.504

3.507

3.510

f/MHz

f/MHz

f/MHz

115In 121Sb

121Sb

R
x
x
/
k
W

R
x
x
/
k
W

R
x
x
/
k
W

ã 9 InSb 2DEG In Ø (115In) Ú Sb Ø (121Sb Ú 123Sb) � RDNMR Ìã (T = 100 mK) cö´d$ª£���ìÿþ (Isd =

1.4 µA), �ö´^p©EÇ (106 : 1) �6>xÿþ (-u>6� 1 µA), RF ×£�Ç´ 60 kHz/min

L 2 InSb 2DEG �Ø��^^'���ªÇ fNMR

Ø�
^^' (2πfNMRB−1) fNMRB−1

/MHz·T−1 /MHz·T−1

113In (IN = 9/2) – (58.49)∗ – (9.31)
115In (IN = 9/2) 58.7 (58.61) 9.35 (9.33)
121Sb (IN = 5/2) 64 (64) 10.2 (10.2)
123Sb (IN = 7/2) 34.70 (34.78) 5.52 (5.54)

∗ )ÒSê�éA InSb Ná� NMR êâ [22]

?�Úÿþw« RDNMR &Ò�Ñy3 QHF

�>{¸±�, =BT>{¸Ûõ3�~� Rxx >
{¸¥, �ã 8(a) (ç:I««�). dd�±�Ñ(
Ø: QHF «��^Æ(�éu DNP ´�'­��.

Ó�T¢��L² RDNMR ÿþäk�p�(¯
Ý, Ù¤&ÿ�� QHF «����u^{ÿþ�
(J.

5.3.2 115In Ø>o43�Ì
lL 3 �±wÑ In Ú Sb Ñäkp�Øg^

(IN > 5/2). duØS>Ö©Ù l¥é¡, éu IN

� u 1/2 � � f Ø þ � 3 > o 4 Ý (quadrupole

moment). Ø>o4Ý3�fØ±�>f��3
>|FÝ��¹e¬�)>o4�°[�p�

^, ¦Øg^U?u)3�. Ó�3^|�^e,

Øg^�òu)lù3�. 'X 115In (IN = 9/2)

L 3 Ü©��Ø��g,´Ý!Øg^9^þfê

Ø� g,´Ý/% Øg^ (IN) ^þfê (m = 2 IN+1)
12C 98.9 0 0
13C 1.1 1/2 2
27Al 100 5/2 6
28Si 92.23 0 0
29Si 4.67 1/2 2
55Mn 100 5/2 6
56Fe 91.72 0 0
69Ga 60.1 3/2 4
71Ga 39.9 3/2 4
75As 100 3/2 4
78Se 23.6 0 0
80Se 49.7 0 0
28Si 92.23 0 0
113In 4.3 9/2 10
115In 95.7 9/2 10
121Sb 57.3 5/2 6
123Sb 42.7 7/2 8
209Bi 100 9/2 10
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�lù3�Xã 10(b) ¤«, Ù��U?dØg
^�^þfê |m〉 I½. XJØ�3Ø>o4�
^, duU?mlù3� ~ω0 �Ó, ¤k��Øg
^��m��[ò�éAu����¸; 
XJ
�3Ø>o4�^, K��Øg^��m�[U
þ�*d�� ~ωq (ωq �>o4�ªÇ), �A/
ÒkÊ��må���¸, =¤¢�Ø>o43
� (quadrupole splitting). ¢Sþ, lã 9 ®²�±
w� 115In �Ü©Ø>o43�. I��Ñ�´,

Ø>o?3�éuØ±��¸AO´Aå�©
¯a.

¢�uy 115In Ø>o43�Ì� υ = 2 QHF

 ��Cz
Cz, ý«XØÓ�Ýe QHF S
ÜAå�Cz (�U
u^Æ½Æ9(�!��
½���ØÓ). ã 10(a) ¤«´3 θ = 64.3◦ QHF

? 115In � RDNMR Ìã. TÌ��°[(��±
d�må�Ê^pd­�[Ü, éAu 115In Ø>
o43��?U��m��[. ã¥Ø>o43
�ªÇ (ωq/2π) �� 57 kHz, dd�±O�Ñ DNP

u)«��AåÜþ ezz ∼ 0.2%. ù�·���
�T InSb 2DEG �¬¬���Ç (∼ 0.7%) Ä�
ÎÜ.

|−9/2>

|−7/2>

|−5/2>

|−3/2>

|−1/2>

|1/2>

|3/2>

|5/2>

|7/2>

|9/2>

1
2

9

8

7

6

5

4

3

|m>

hwo

62.4 62.7 63.0

9

8

7

6

1
5

4

2

3

4.27

4.28

 f/MHz

1

R
x
x
/
k
W

Btot=6.7 T

θ=64.3O

Bperp=2.9 T

v/.

w0+4wq

w0+3wq

w0+2wq

w0+wq

w0

w0-wq

w0-2wq

w0-3wq

w0-4wq

(a)

(b)

ã 10 (a) 115In � RDNMR Ì (T = 100 mK, RF ×£ªÇ� 3 kHz/min), ¢�´dÊ^�må�pd­� (J�) [Ü
¤;
(b) �Ä�Ø>o4�°[�p�^� 115In Øg^�?U� (|m〉) �UÌ«¿ã, ω0 Ú ωq ©OL«lù�ªÇÚØ>o4
�ªÇ

5.3.3 Ù¦K�U?�U?� RDNMR ÿþ
dã 6(b) �±wÑ, p^|e3 υ = 3 Ú υ =

4 �K�U?�U?�Ñy
 QHF �>{¸, �
3ù
«�·�¿vk&ÿ� RDNMR &Ò. ØÓ
u υ = 2 QHF ����4z^Æ [(0, ↑), (0, ↓)], υ =
3 QHF Ú υ = 4 QHF ��4z^Æ´Ü©^z�,

©O� [(0 ,↑), (0 ,↓), (1, ↓)] Ú [(0, ↑), (0, ↓), (1, ↓),

(2, ↓)]. ùk�U¦�ë�g^�=�>fê8~
�, ?
fz
 DNP. ,	, ·��vk3$^|
K�U?�U? (>fg^�p�^�f, vk/
¤ QHF) ÿ� RDNMR. ù�(J?�ÚL² QHF

�^Æ(�éu DNP ´�'­��.

5.3.4 p§ RDNMR ÿþ
þã RDNMR ÿþÑ´3 mK §Ýe?1

�. ?�ÚJp RDNMR �ÿþ§Ý�±¢y
3 � p§Ý e é Ø g ^ � & ÿ � ö �, ùÃ¦

é Ø g ^ þ f & E � ; � ï Ä ä k ­ � ¿ Â.

8 c, é u GaAs 2DEG RDNMR ÿ þ � � p§
Ý �� 1.5 K. ù p, ·� | ^ InSb Õ A � á
�A5ò InSb 2DEG � RDNMR ÿþ§ÝJp
� 4 K.

lL 1 �±wÑ, InSb �� m∗ û½
 InSb

2DEG 3^|e�K�U?må (~ωc) ��; 
�
� g Ïfq��z�K�U?äk��lù3
� ~ωs. Ó�, g Ïf�g^4zÝ P �O\
O
�, L²3p^|«�K��U?�>fäké
r�g^�p�^. ù
A5(�
 InSb 2DEG

� QHF �±3�p§Ýe�3, ?
�·�¢
yp§ RDNMR ÿþJø
cJ^�. p§ RD-

NMR ¢�¤^�¬�þÝ 20 nm � InSb þf
², � Si �,«� uþf²þ�. ¿� bar º�
� 80 µm× 30 µm, $§� ns � 2.56×1015 m−2, µ

� 13.6 m2·V−1s−1. lã 11(a) �±wÑ υ = 2 QHF
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�>{¸���±� 6 K. >{¸�¸��>6Ú
§Ý�'X­��ã 11(b). ùpI�rNü::

�´�¢�¦^�´�6>6 IDC, ù´Ï�T
�¬3�6>6°Äe� RDNMR &Ò�ru�
6&Ò; �´��@��>6¬¦�¬§Ý,p,

� QHF >{¸¸��>6Ú§ÝØÓ��6'X
`²�>6^�e{��O\Ø��´d9E¤
�. p§ RDNMR ÿþÓ�´3 υ = 2 QHF >{
¸NC?1�, ÙL§Óþã$§ RDNMR ÿþ�

�. ã 12 ¤«´ 115In 3ØÓ§Ýe� RDNMR Ì
ã. éw,, 3 4 K§ÝeE,�±*ÿ� RDNMR

&Ò, ù�´8c RDNMR ÿþ��p§Ý. d	,

ã 12 ¤k RDNMR Ì�þ¥yÑ� (dispersion) /
G, ù��6>6°Ä� RDNMR Ì²wØÓ. a
q�Ñ�Ì��3 GaAs �¬¥*ÿ�, �Ån8
cÿØ�Ù. ���J�´, ã 12 �Ñ�Ì�¥�
Ñy
�
°[(�, ùý«XØ>o43��U
éÌ��/Gk¤K�.

0 2 4 6
0

4

8

12

16

T/K

B

RF

θ
Bperp

0 1 2 3

10 12 14
0

4

8

12

16

6 K

3 K

2 K

1.5 K

1 K

0.7 K

0.5 K

0.3 K

B/T

θ=64.5O

0.1 K (a)
(b)

R
p
e
a
k
/
k
W

R
x
x
/
k
W

IDC/mA

ã 11 (a) ØÓ§Ýe Rxx � Bperp �'X­�, υ = 2 (B ∼ 12.3 T) NC�>{¸ý«X QHF �/¤; (b) QHF >{¸¸
� (Rpeak) �>6 (T = 100 mK) Ú§Ý (IDC = 10 nA) �Cz­�

Øg^µþ�m T1 ´£ãØg^A5���
­�ëê. ã 13 ¤«´ 115In RDNMR Ì�¸Ú
�? (ã 12) ¤ÿ T1 �§Ý��6'X (du 4 K

RDNMR &Ò�f, vkÿ��A� T1). �ã¤«
´ T1 ÿþ�äNL§: �>6p�� DNP ­½
�, Rxx ªu²ï, d�ò RF ªÇN�� 115In �
��ªÇ fNMR ¦Øg^u)ò4z, TL§¬�
� Rxx ~���ªu²ï (éA “on” �«�). �
�ò RF ªÇN� 115In ����ªÇ, ¦Øg^
¡E�4zG�. d� Rxx ��m e �êþ, (é
A “off” �«�), Tþ,L§¤éA��m~ê½
Â� T1. I��Ñ�´, ùp T1 ÿþ�é�´3
�>6°ÄeØg^l�4z�4zL§. ¢�y
²ù�ÿþ�{� DNP­½�'4>6¦Øg^
l4z��4zL§¤ÿ T1 ´���. ã 13 w

« T1 ¿Ø�§ÝCz, ù�Ï~7á¥Øg^µ
þ¤�Å� Korringa {K (TT1 = ~ê) �,ØÓ.

·�@��¢�� T1 ´dÆ9¥ÃS�>fg^
�� (a Skyrmions) û½�, =�=L§�¹
õ
�>fg^�ë�, ´��8N1�. ��ù«g
^��Ø�»�, T1 ÒØ¬É§ÝK���§Ý,
p�¦^ÆÚÆ9��. ù«g^���¬\�Ø
g^�µþ, ¦ T1 �� á [24]. ¯¢þ, InSb Ná
�� NMR ¢�L² [25], 115In � T1 ��3A��
�, 
�¢� InSb 2DEG QHF ¥� T1 %�k 100 s

�m.

d	, ·�@��¢� RDNMR ÿþ��p
§Ý (4 K) ATéAu QHF �Øp§Ý TC. �§
Ýpu TC, ^Æ*Ð���¿� bar, ù� QHF �
�?
Ã{¢y DNP Ú RDNMR ÿþ. QHF �Ø
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� � � � � � � � � � � � � � �� � �� � � �� �� � � � 	 
 �� 
 ��� �
� 
 ��� � � � � � �

� � � � �

� � � � �

� � � � � � � � � � � � � � �� �� � ��� � �
ã 12 ØÓ§Ýe� 115In RDNMR Ìã 100 mK Ìã�ÿ
þ^�� IDC = 870 nA, B = 11.6 T, RF ×£ªÇ� 6 kHz/min,
õÇ PRF� –6 dBm; 4 K Ìã�ÿþ^�� IDC = 1.5 µA, RF
×£ªÇ� 240 kHz/min Ú PRF = 2 dBm

� � � �� � �� � �� � �� �� � � 	 
� � � � 
 � � � � �� � �� � �� � � �� � � � �� � ����
ã 13 ã 12 115In RDNMR Ì��¸ (©) �� (•) ?Øg^
µþ�m T1 �§Ý�'X­� ØÓ§Ýe� T1 ÿþ^�
� 100 mK Ú 1 K (IDC = 870 nA, PRF = –6 dBm); 2 K Ú 3 K
(IDC = 1.5 µA, PRF = 0 dBm), ¢�y² T1 �ÿþ>6Úõ
Ç��Ã', T1 �ÿþL§��ã

p§Ý��±ÏL©Û QHF >{¸�¸�9¸
°�§Ý�Cz
¼�. �du InSb 2DEG υ =

2 QHF �>{¸�°, éJ^T�{?1©Û. ù
p·�^ AlAs 2DEG υ = 3 QHF >{¸�©Û(
J (TC ∼ 0.5 K) ���é' [26]. du TC �>f
g^�p�^U Ec ¤�', InSb 2DEG υ = 2 QHF

� Ec (∼ 15 meV)[13] ��´ AlAs 2DEG υ = 3 QHF

� Ec (∼ 1.5 meV)[27] � 10 �, ¤±cö TC �§Ý
AT´�ö�� 10 �. Ïd,·�íÿ RDNMR ÿ
þ��p§Ý (4 K) éA InSb 2DEG QHF � TC ´
Ün�. �X 2DEG ns �Jp, υ = 2 QHF ò3�
p^|e/¤, Ec �¬ÏdO�. dd·�íä TC

ò� ns �O�
,p, l
?�ÚJp RDNMR

�ÿþ§Ý. ùk�u8�¢���y.

6 (Ø9Ð"

·�|^ InSb 2DEG �� g ÏfÏL��^
|¦ InSb 2DEG Uþ�$�ü�K�U?¥g^
���lùf�u)�U, ?
/¤�{ü��g
^ QHF. du QHF ¥>f4z��4z�ü�^
Æ3K��U?Uþ{¿, l
Ö�
>fg^�
=�Øg^�=¤IUþ�ã��É (�� 1000

�), ÷v
�p�=L§ (flip-flop) ¥�UþÅð.

�k��>6 (Az nA—µA) 6L QHF �, ÏL
^�°[�p�^B¢y
>fg^éØg^
� DNP. duØg^ØÓ�4zG�¬Úå Rxx

�Cz (∆Rxx � 0.3%), Ïd¢y
é InSb 2DEG

� RDNMR ÿþ. d	, �fØ>o4Ý3±�>
|FÝ�^e¬�)>o4�°[�p�^, ¦
� 115In (IN = 9/2) U?u)��?3� (2 IN +1

= 10) 3 RDNMR Ì¥�ßwy, ùéuïÄõ?
Øg^���Z�ò�ZÅ�±9�ïõ  (�
u 3) Øg^þf'Aäk­�¿Â. I�rN�
´, �¢�L² RDNMR &Òo´Ñy3 QHF �
>{¸±�, `²^Æ(�éu DNP ´�'­�
�. 3$^|«��~�K��U? (Ã^Æ(�)

vk&ÿ� RDNMR &Ò�¯¢�?�Úy¢

ù�(Ø. du InSb 2DEG �Aká5 (��lù
3�!£^��3�Ú>f��U) (�
 QHF

�±3�p§Ýe�3, ¦·�3 4 K §Ýe¤
õ¢y
é InSb 2DEG � RDNMR ÿþ, ù�´
8c RDNMR ��pÿþ§Ý. �â¤ÿØg^
µþ�m T1(z¦þ?) Ø�§ÝCz�¢�(
J, ·�íÿ QHF Æ9S>fg^�üÙäka
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q Skyrmions ���, ¿� RDNMR ��pÿþ§
ÝATéAu QHF �Øp§Ý TC.

�©¤ J Ñ � # � DNP � { k"A ^
u AlAs, HgTe Ú CdMnTe �Ù¦��>fíX
Ú (|^�� g Ïf½k��þ3��^|eÑ
�±/¤ QHF[28−30]) � RDNMR L�. ÏLéØ
Ó$�NX� RDNMR Ú T1 ÿþ, ¦·��?�
Ú
)��N>fg^�Øg^��p�^±9
�²$�þfc^N�/¤Å�, Ó���±�
�\ïÄØÓá�á59ì�(�é>fg^Ú
Øg^A5�K�. 115In >o43�Ì�¼�¦

�·��±ÏLóÀ NMR Eâ [6] ¢yÄuØg
^�õþf'A (> 2) �L�. d	, ÏLØ>�
�ìé 2DEG SAåCz���ïÄØ>o43
�é RDNMR Ì�/G�K�, ?
�«Ù/¤
Å�. �C,·�|^�f�G�È (ALD) Eâ¤
õ��
�k��»4� InSb 2DEG. ÏL»>4
é 2DEG >f�Ý�N�,·��±�y RDNMR

�pÿþ§Ý�>f�Ý�'X, ¿|^ RDNMR

Ú T1 ÿþïÄØÓþf¿���>fg^©Ù.

��»4�¤õ����8� RDNMR ÿþA^
u InSb B�ì� (Xþf�) C½
Ä:.
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Abstract

The resistively detected nuclear magnetic resonance (RDNMR), a high-sensitivity NMR technique developed by Klaus von Klitz-

ing’s group in 1988, is used to investigate exotic electron and nuclear spin properties in GaAs two-dimensional electron gases (2DEGs).

Because the dynamic nuclear polarization (DNP) approach required for the RDNMR demonstration is strongly dependent on unique

material properties of GaAs, this highly-sensitive technique has not yet been applied to 2DEGs confined in other host semiconductors.

More recently, we have developed a novel DNP method for demonstration of RDNMR in a 2DEG within the typical narrow-gap semi-

conductor InSb. In this article, we focus on the discussion of our newly-developed DNP method, experimental details and results as

well as future prospects after some preliminary remarks on the principles of RDNMR and DNP.

Keywords: two-dimensional electron gas, resistively detected nuclear magnetic resonance, dynamic nuclear po-
larization, narrow-gap semiconductor
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