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He+ ËËËìììééé Ga0.94Mn0.06As ������ccc^̂̂555���UUUõõõ*

¶R¸† �Âu �á² �ö7

( I���Æ�Ôn�>f&EÆ�, I� 065000 )

( 2011c 8 � 19 FÂ�; 2011c 10 � 21 FÂ�?Uv )

lfËì��N�±éÐ�Uõ��Ná��^Æ5�. ^ He+ Ëì Ga0.94Mn0.06As ��, �±��B�

N� Ga0.94Mn0.06As ��¥�)c^51N�ßÝ. du�ÇØm�� Ga0.94Mn0.06As ���c^5, �±Ï

L He+ �Ëì5��Uõ, Ù(J´ Ga0.94Mn0.06As ���
�å�±O\ 3 �õ. � He+ Ëì6rO\�, Øp

§ÝÚ÷X�¬¡	^zJ¶����Ú^|Ñ~�
. �Ëì� Ga0.94Mn0.06As ���>Æ5�Ú(�A�w

«, He+ Ëì Ga0.94Mn0.06As ���±k��/Uõ§�c^5, Ù(Ju He+ Ëì Ga0.94Mn0.06As ��¤p

��)>"�é�Ç�Ö�, Ø´ He+ ËìUC
 Ga0.94Mn0.06As ���(�.

'�c: lfËì, c^5, ^{

PACS: 61.80.Lj, 75.50.Bb, 75.47.−m

1 Ú ó

DÚ�c^5��, ^pUlfËì®²�y

¢´�«k��Uõc^5��{. ~X, lfË

ì�±3��É���ªeé��N��(�(

�?1UC, l�)�Ú^ÝÚ^��É5 [1].

lfËìEâ�p©E�²�<MEâ�(Ü,

Ù�{�äk�*Ð5 [2]. gluy�L 100 K

��c^5Ô�, � III x��½ V x�D^��

N±5 [3−5], ù
Ô�duÙ3�5g^>fÆ

���Nì��2�A^, ®²Úå
ïÄöé

��,� [6,7]. 3lfåEâ¥, ÛÜN�^5

��N�c^5´���~���K [8−10]. 8

c, Ò·�¤�,Ga0.94Mn0.06As ��c^5égd

�ÇßÝ´é¯a�, ÏLlfËì�±MEg

d1NÐ¼¥%5UC�>���p{5 (�Ò

´>ý�5)[11,12]. Ïd, ^lfËìäkc^5

� Ga0.94Mn0.06As ��, 7òJø�«k���{

5��gd1N�ßÝ, lOr Ga0.94Mn0.06As

��c^5.

3�©¥, /Ï He+ ËìU
¦¬N�)>"

�lÖ��Ç, Ù Ga0.94Mn0.06As ���^5ë

ê, �
�åÚ��É5�±3��É���ªe

�UC, ØI�UC��ßÝ [13] ½��þÝ [8].

ù`²®²(á�lfËìEâ�±�¢y{ü

�î��ªEâ�8¤DÚ��>f��Jø�

«�U5.

2 ¢ �

�X��¬¦^$§©f	òå (LT-MBE)

Eâ�{, 3 GaAs(001)�.þ)���þÝ�

� 25 nm� Ga0.94Mn0.06As ��. Ga0.94Mn0.06As

��¥��¹þÓ 6%,)�§Ý�¿§, ��)�

�Ç� 0.1Å/s.

He+ Ë ì ¦ ^ � U þ � 650 keV, Ë

ì ¬ 3 Ga0.94 Mn0.06 As � 	 ò � þ � )

� � Ý / � � Ó +. Ë ì 6 r l 1 ×

1014 cm−2� 1×1015 cm−2(L 1), Ù¥ØÓ�Ëì

6r�^uN�Ëì�)>"��ßÝ. TËì¢

�3=²lf\�ìI[¢�¿?1.

|^��þfZ�¤ (SQUID) ©Û�¬�^

* I[g,�ÆÄ7 (1OÒ: 50802041, 50872050),I[:Ä:ïÄuÐOy (973)�8 (1OÒ: 2011CB832923)ÚI���Æ�:

�8 (1OÒ: LSZZ201101)]Ï��K.
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5. SQUID ¢�3�®�ÆÔnÆ���þfZ

�¤¢�¿?1. Äk, ·�3¿§e (300 K) ÿþ

�¬�^¢£�, ,�éNX�\���!��ð

½��Ú^|, ¿3d	\^|e¦NX§Ýe%

� 10K(|eL§), ,�2gÿ��¬�^¢£�.

^{�A´3§Ý� 5—300 K!	\^|�

�¬L¡R��^�e, ^��Ëd{ (van der

Pauw,^5ÿþ?¿/G�¬�>{Ç�ÿþE

â) ?1ÿþ�.

p©EÇ X ��û� (HRXRD) Ì� Mapping

ã´3þ°1 X ��û�1å�¢�Õ (SSRF-

BL14B1)?1, ¦^Å�� 0.12498 nm.

RBS ÿ Á 3 � ® � Æ Ô n Æ � Ø Ô n �

Ø E â I [  : ¢ � ¿ 2×1.7 MV G � \ �

ì (5SDH-2,NEC)þ?1. \�âf� He+, Uþ

� 2.012 MeV,\�� 165◦, æ^77¡^&ÿì&

ÿ�Ñ�lf, &ÿ�� 15◦. �
~����A,

���¬L¡{��\�åk�� 7◦���.

p © E Ç X � � û � (HRXRD) Ì, Map-

ping ãÚ©Ù4�Ñ� (RBS/C) ��Ì^5©

� Ga0.94Mn0.06 As ��3Ëìc�(��Cz.

3 (J�?Ø

ã 1(a) w « � ´ § Ý � 5K, ^ | � [11̄0]

� � ² 1, ^ Ý 3 � ¬ ¡ S � ^ ¢ £ �. Ï

L He+ Ë ì, 
 � å � k 
 w Í � J p, l v

kËìc� 50 Oe(1 Oe=79.5775 A/m)�Ëì6

r� 3×1014 cm−2 �� 165 Oe; Ó��Ú^|

l 27 emu/cm3 ��~�� 22 emu/cm3. � He+

Ëì�6rO\� 6×1014cm−2 �, �¬ 6E14�

�Ú^|eü� 13 emu/cm3, �¬^5C���

�Ó5; � He+ Ëì6rO\� 1×1015 cm−2(�

¬ 10E14)�, T�¬�c^5vk�*	�.

ã 1(b) w«�^ (Mr) �§ÝCz��. Ä

k��^|3 1 T ±e, ¿�÷X [11̄0] ��. �

¬1�glØp§Ý±þe%� 5 K, ,���^

|� 1 mT. ��½^|� 1 mT �, 2úú,p§

Ý, ù�P¹�^rÝ (Mr). �¬ 0E14—6E14�

¶ [11̄0] ¤�L���´N´�^z��� (¡�

^z´¶), m©^z�§Ý�CØp§Ý, T:·

�¡�Øp§Ý. ·�U
w�� He+ Ëì6rO

\�, Øp§Ýl 60 K m©eü
.
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ã 1 (a)3§Ý� 5 K, 	^|÷�¬¡S��¤ÿ�^¢£�:He+ Ëì6r� 3×1014cm−2 �
�åO\é�; (b) 3§Ýþ,�,

�¬��^ (Mr) �§Ý�'X; (c) 3§Ý� 5 K, 	^|÷�¬¡	��¤ÿ�^¢£�, ¤k�¬��Ú^|Ñ�
8�z?n,

�XËì6r�O\, �Ú^|~�
; (d) §Ý� 5 K!	^|R��¬L¡�¤ÿ�^{ (RM) �^|�'Xã
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L 1 5\6r, ¤k�¬�� ��ÇßÝ

�¬ 0E14 1E14 3E14 6E14 10E14

Ëì6r/1014cm−2 �Ëì 1 3 6 10

�ÇßÝ/1019cm−3 3.7 3.3 1.9 0.8 —

� ßÝ ∗/1019 cm−3 0 1.1 3.2 6.5 11.0

∗ 3 Ga0.94Mn0.06As 	ò�, ÏL SRIM §S�[O��� ýÏê8.

g d � Ç ß Ý (� u L 1) ´ d ¿ � � A

3 200 K �ÿþ�O� (ùpvk�ÑÿþL§).

duÉ�É~�¿��A�K�, �,§����

U'�~�¿��AÿÑ��$, �E,�±*	

���wÍ�ª³, @Ò´: gd�ÇßÝ�eü

�Ëì6r�O\O\. ¢�¥Ëì6rO\�

>{O\�êþ?´��� (ã 2). He+ Ëì6r

�p� 10E14�¬ (L 1), duk�p�>{Ç, ¤

±1lfßÝØU�(��(½ (ã 2), (J�õ

ê�Ç�Ëì�p��)�>"�¤Ö�.

ã 1(c) w « � ´ 3 § Ý � 5 K, 	 \ ^ |

� GaAs[001]² 1 ^ � e, ^ SQUID ÿ Ñ � p

¶�5�z^Ý�^¢£�, §L²�¬�¡	

��, = GaAs[001]��´^zJ¶, ù�´·�

3 GaAs(001)�.þ)� Ga1−xMnxAs(001)�¤

Ï"�. lã 1(c) �±w��X He+ Ëì6r�

O\, �Ú^|²w~�, ùw«Ñ�XËì6r

�O\, �¬¡	�^zJ¶Åì�^z´¶=C,

�6r�� 6×1014cm−2 �, �¬¡	�^zJ¶

���±Ú�¬¡S�^z´¶�'[, w«ÑË

ì6rO��, ¡	^zJ¶�¡S^z´¶=C.

3�z� GaxMn1−xAs ��þ, ^z´¶�Czl

�¬¡S�¡	��*	�, Ù�Ï´gd16f

ßÝ�Øäeü [14,15].

ã 1(d) w « � ´ 3 § Ý � 5 K, 	 \ ^ |

� GaAs[001]²1^�e^ SQUID ÿþÑ�^

{ (RM = [(R(B) − R(0 ))/R(0 )]) �	^|Cz

��. kü�Ï��@�é^{ (RM) �1�k

K�: �´ Ga0.94Mn0.06As ��¥?u�$�	

^|�$uØp§Ý���>�Ü©é RM kK

�, �Ï´^z«�÷X^|�����É5^

{�A¤�� [16,17]; �´ Ga0.94Mn0.06As ��¥

?u�p�	^|�§Ý3Øp§ÝþÚe��

�Ó5��K>�Ü©é RM kK�, �Ï´ù

��^�é�K>lf^=ÃSÑ��)³�

��� [18−20]. RM K�O\é�§Ýþ´Ëì

�(J��
¬�·ÏÚÛ�z [21,22]. -<¯

¯�´, ��¬� He+ Ëì6r�� 6×1014cm−2

(�¬ 6E14)�, K�^{ (RM) �C 100%(>{Ç

l 3750Ωcm(3H=0 T) eü� 25 Ωcm(H=6 T)). ¢

��uy, 3ý��¬¥, �ë,���ßÝ��

�, ã^>{�A (RM)(100%)��*	� [18,19].

ã 2 w«¤k�¬�>{�§ÝCz��.

�©�¬Ú$Ëì�¬�«
 Ga0.94Mn0.06As ;

.�c^5A�. 3Øp§Ý��S, >{w«�

����. ,, ²LËì��¬ 1E14Ú 3E14Ù

>{O\��ü�êþ?, �¬ 6E14Ú 10E14

�' 0E14Ù>{O\Ê!8�êþ?.

0 50 100 150 200 250 300
103

104

105

106

107

108

109
/
(W

/
sq

r)

K

 0E14
 1E14
 3E14
 6E14
 10E14

ã 2 ØÓ�6rËì�, Ga0.94Mn0.06As ���>{Ç�§

Ý�'X.

ã 3(a)w«
§Ý� 300 K �>{Ç�Ëì

6r�'X. k�aq�y�, 3lfËì p-GaAs

�Q²���L. 3@���¥ [12]: ����Ëì

6réA�>{Ç�k���UC, �p�Ëì

6réA�>{Ç×�O\, �����Ú, A

�¤k�gd�Ç�Ëì�)�>f�aq�"

�¤Ö�. J�w«�´d©z [12] �Ñ�>{Ç

é� �Ý�ª³. éu©¥¤�9��¬, �O

§����Ú>{Ç�K�, ÙéA�Ëì6rA

�u 1 × 1015 cm−2 [12].

ã 3(b) w«�´d SRIM(lf3Ô�¥�

{���) §S�[O� Ga0.94Mn0.06As ��¥

� �Ýé�Ç�Ý�Ö� [23]. ÒKÜ©oÑ/
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ò Ga0.94Mn0.06As ��¥c^�Uõc!��«

�©m. ù«Ö�ª³, �ûulf«aÚ§��

Uþ, ��?�ÚJp Ga0.94Mn0.06As ���c^

5. ïÄ<
¦^�«�±¼��Uþlf��

E Ga0.94Mn0.06As ÛÜ«��ØÓ
�å±9¦

�c^� Ga0.94Mn0.06As ¼�c^5.

(a)
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ã 3 (a)§Ý 300 K!Ëì6r 1E14–10E14��>{Ç ( J�

Ü©w«�´�â©z [10], ^ SRIM §S�[O��� êþ

e>{Ç�ª³); (b) d SRIM §S�[O�� Ga0.94Mn0.06

��¥� �Ýé�Ç�Ý�Ö� (ÒKÜ©oÑ/òc^�

Uõc!��«�©m)

, 	 � k ü � å » � ^ 5 �

� Ga0.94Mn0.06As � � � c ^ 5. � « å »

´ Thevenard�¦^��lfNé Ga0.94Mn0.06As

��¥�Ç?1ðz, �\óÃ{��°(Ý.

ÏL��ò»�m, é�z±���¬�$§

ò», �±N� Ga0.94Mn0.06As ��¥�Ç�Ý

�A�êþ? [14,15]; ,�«å»´ Carmeli �

Ú Kreutz�®²y²
ÏLN�kÅ45©f�

zÆáÂ�^5Jp Ga0.94Mn0.06As/GaAs�¬�

Ú MnAs/GaAsÉ�(��^zÇ [24,25]. �Ù¦�

{�', lfËìEâ�±¢y�Ú{\ó, �

�±�O(/�� Ga0.94Mn0.06As ��¥�Çß

Ý3A�êþ?þ [26], ÏdÙc^5�±3��

[�{Ú�����ªþ��Uõ.
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ã 4 (a) � ¬ 0E14 � 6E14 3 � � [001] � © Ù 4 � Ñ

� (RBS/C)��Ì; (b) �¬ 0E14,3E14� 6E14�p©E� X

��û� (HRXRD) Ì; (c) ) �¬ 6E14	ò�3 [0001] � map-

ping ã

©Ù4�Ñ���Ì (RBS/C)Úp©E� X

��û� (HRXRD) Ì (ã 4(a) Ú (b) �w«Ü©

�¬) ^5u��¬�(�Cz. ¢�(JL²:

é¤k�¬, Ëìc� Ga0.94Mn0.06As � RBS/C

Ú HRXRD �Ì©OÑ��, `² Ga0.94Mn0.06As

	ò��¬N(�3Ëìc��±ØC. l�
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� � m N � � mappingã (ã 4(c)) þ w, Ë ì

� Ga0.94Mn0.06/GaAsE'�;n; l©Ù4�Ñ

���Ì (RBS/C)w, ËìcÚËì�¬N�þ�

�. �é{`, ¬��Cz�*ÿ���(JÃ'.

��, dËì�)�>"�Ö��Ç´ He+ Ëì�

)^z�Ì�å.

4 ( Ø

nþ¤ã, Ga0.94Mn0.06As ���c^5�

±3�����lfËì�ªe��Uõ. d

� ½ U þ � g d 1 l f Ú å � > " � U ? U

§ g � � c ^ 5. � � Ç ß Ý ü � � Ë ì �

¬ � � � � �, Ù � ¬ � 
 � å ' � Ë ì c

� Ga0.94Mn0.06As ���
�åO�
n�õ, ÷

X�¬¡	 (= GaAs[001])̂ zJ¶����Ú^

|eü
, ùp��X^zÚØp§Ý�~�. ·

�y¢lfËì�±Uõ Ga0.94Mn0.06As ���

c^5, uyËì�)�>"�Ö�
¬N��Ç

´Uõ Ga0.94Mn0.06As ��c^z�Ì�å,

�Ø7UC Ga0.94Mn0.06As ���(�UU

C Ga0.94Mn0.06As ���c^5Jø
�^#�

å».
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Amending the ferromagnetic properties of
Ga0.94Mn0.06As films by He+ irradiation ∗

Ding Bin-Feng† Xiang Feng-Hua Wang Li-Ming Wang Hong-Tao

( Department of Physics and Electronic Information, Langfang Teachers College, Langfang 065000, China )

( Received 19 August 2011; revised manuscript received 21 October 2011 )

Abstract

Ion irradiation of semiconductors is a well understood method to tune the carrier concentration in a controlled manner.We show

that the ferromagnetism in Ga0.94Mn0.06As films, known to be hole-mediated, can be modified by He ion irradiation. The coercivity

can be increased by more than three times. The magnetization, Curie temperature and the saturation field along the out-of-plane

hard axis all decrease as the fluence increases. The electrical and structural characterization of the irradiated Ga0.94Mn0.06As layers

indicates that the controlled amending of magnetism results from a compensation of holes by generated electrical defects and not from

a structural modification.
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