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vvvlllfffËËËìììééé MgB2 ���������������111666UUUåååÚÚÚ^̂̂ÏÏÏ
¹¹¹SSSUUUååå���KKK���*

�ÕÆ† Å¶ ¾�J

( �®�ÆÔnÆ�, �®�Æ<ó�(��0*I[­:¢�¿, �®�ÆA^��ïÄ¥%, 100871 )

( 2012 c 1 � 3 FÂ�; 2012 c 4 � 1 FÂ�?Uv )

|^·ÜÔnzÆí��È{ (hybrid physical-chemical vapor deposition, HPCVD) �±��Ñp5U� MgB2

����, 2é��?1v (Ti) lfËì?n. ²LËì?n���¬��\
 Ti ��, ��?n�ZÀ MgB2 �
¬�', Ù��=C§ÝvkÑy�ÌÝ�eü, 
3	\^|e��.>6�Ý��
²w�Jp, Ó��¬�þ
�.^|���
Jp. 3§Ý 5 K,	\R�^|� 4 T ��¹e, Ti lfËìJþ� 1 × 1013/cm2 ��¬��.
>6�Ý��
 1.72 × 105 A/cm2, 'ZÀ� MgB2 �pÑNõ, 
Ù��=C§ÝEU�±3 39.9 K ��pY².

'�c: MgB2 ����, vlfËì, v�,, ·ÜÔnzÆí��È{

PACS: 74.70.Ad, 73.61.At, 81.15.−z

1 Ú ó

gl 2001 cuy MgB2 ´�«äk 39 K �
��=C§Ý���N [1] ±5, Ù�p���=
C§Ý, Ã¬.fë��A±9$í�¤�, áÚ

<��2��ïÄ,� [2,3]. ,
ZÀ�'zy
á����^Ï¹SUåéf, l
¦Ù16Uå
3�3	\^|��¹e:ìeü. <���}Á
æ^�«�{Jp MgB2 �^Ï¹SUå, ?
J
pÙþ�.^|±93r^|e����.>6
�Ý. |^��½ö´zÜÔéZÀ� MgB2 ?1
�, [4−6]!¥fËì [7] ÚpU­âfËì [8] ®
²�y²´Jp MgB2 á�3p|e�Ñ$5�
�k��{. ÏL�«ØÓ�Ããé MgB2 á�?
1% [9−11], 7 [12−14] ±9v [15−19] �õ«��Ú
zÜÔ [20−22] ��,®²���3�½§ÝþJ
p
 MgB2 á��p|16Uå. Ù¥é MgB2 ?
1%�,�ïÄ¥uy�,3�Z�%^�eU

Jp MgB2 3p|e�16Uå, �´Ù��=

C§Ý��Ø����x³, ��
 22 K[22]. 
®
k��7Ú�v�ó��Ì�´é¬á��'z
y?1�, �,3Jp MgB2 16Uå�Ó�é Tc

�Ø���, �´Ù Jc Ú Tc �ê��´�é�
� [12,13,15−19], �kJp�cµ.

l®k�'u MgB2 � Ti �ïÄó���
é MgB2 ¬á�vØ=�±Jp MgB2 á��p
|�.>6�Ý Jc Úþ�.^| Hc2 � [23], 
�
��±Uõ MgB2 ¬á��*(�, O\�[(�
� MgB2 ¬â, ��� Ti �� MgB2 �¬��Ý�
�Jp [24]. ����J�´� Ti �� MgB2 �¬
éY�|@¡Uå�¬��Jp [25,26].
·�|^�·ÜÔnzÆí��È{®²

� y ¢ ´ � « � ~ k � � � � MgB2 � � �
Eâ, U
�� Tc ∼ 41—42 K, Jc(5 K, 0 T) =
2.3 × 108 A/cm2 �p�þ MgB2 �� [10,21,27]. 3
ù«�{)¤� MgB2 ��þÏL Ti lf�5\
5?1�,¤�·�ÏéÜ·�Jp MgB2 p|
16Uå¿ïÄÙ�,Ån��«Ãã.
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®²�
õ�¡�ïÄ, �´éu Ti Ä¾´�3

 MgB2 ¬â�m, �´�\�
�¬�p¡, ÿ
Ã½Ø. Ù�Ï´<���±5´¦^ MgB2 ¬á
��ïÄé�. ù¥��Ï´·�Ã{��Ñ�ø
ïÄ MgB2 ��5�^�ü¬. Ïd¦^÷ c ��
)�� MgB2 ü¬���¬K´��éÐ��{.

3�©¥,·�ò��Äu·ÜÔnzÆí�
�È{3 SiC �.þ���p5U MgB2 ���
�, ÏLvlfËì��ª?1v����,, ò
�,ÚlfËìü«Uõ MgB2 á�Ñ$5��
ÃãÓ�?1, l
¦��¬3��=C§Ývk
�ÌÝü$��¹e, Ùþ�.^|Ú3	\p^
|e����.>6�Ý��J,. 3�ZËì
Jþ� 1 × 1013/cm2 �^�Ú�±
 39.9 K ��
p���=C§Ý��¹e, Ù Jc (5 K, 4 T) ��

 1.72 × 105 A/cm2, pÑ
ZÀ MgB2 ��3�
A^�e��êþ?. Ó�ÏLX��¬� XRD
�ÿþ, ��
 Ti �f�\�
 MgB2 ¬�p�
yâ.

2 ¢��{

·�|^·ÜÔnzÆí��È{3 6H-
SiC(000l) � . þ � � Ñ ÷ c ¶ � 	ò ) �
� MgB2 ����.

¢�¥,·�± 5 kPa �pX�í���.í
N, ±ßÝ 5%, 6þ 4 sccm �¯'� (B2H6) íN
��'
. ¢�L§¥3���¬�o±��ü�
y¬, ¥m�� SiC �., ÏL¾\9jé�.Ú
y¬?1\9. ��¬�9±�§Ý��¿�±
3 680—720 ◦C �, �Aò¥Ï\¯'�íN. ¯
'�íN�9©))¤�'�f�y¬�9�u
�)� Mg �f�A)¤ MgB2 ¿�È3 SiC �.
þ. �A�m� 2.5 min, )¤� MgB2 ���þÝ

��3 100—130 nm.

é MgB2 ���¬?1vlfËì¦^�
´¥I>f�E8ìúi1o�lïÄ¤ï�
� LC-4 .lf5\Å.·���é 5 ��¬?1

?n, vlf¦^�Jþ©O´ 1×1013/cm2, 2×
1013/cm2, 5× 1013/cm2, 1× 1014/cm2, 2× 1014/cm2.
3e©¥ò©O^ 1#, 2#, 3#, 4#, 5# é 5 ��
¬?1I5, éZÀ� MgB2 ���¬^ 0# ?1
I5.

éËìc���¬, |^{I Quantum Design
�õõUÔ5ÿþXÚ (PPMS) 3"|Ú	|e
©Oÿþ
��=C§Ý, |^^Æ5�ÿþX
Ú (MPMS) ÿþ�¬�^¢£�, ¿|^ Bean �
.O���������.>6�Ý Jc � [28]. |
^ Dmax 12 kW ®"û�¤é�¬�Ô�?1
©
Û. |^ FEI NanoSEM p©E|u�×£>fw
�ºé�¬�L¡/m?1
*	.

3 ¢�(JÚ?Ø

ã 1(a) ´ZÀ� MgB2 �����¬ SEM �
L¡/m�. lã¥�±wÑ�¬L¡�Ü©«�
'�²�, ¥8>/� MgB2 ¬âü������.
Ø
�þ�¬â�	, �Ü©�¬âÑ´ò c ¶	
ò)��. ã 1 (b) ´²lfJþ� 1 × 1013/cm2

� Ti lfËì�� MgB2 ��� SEM /m�. �
±wÑ�¬3 Ti lfËì�, L¡C��
, ��
?1lfËì��¬�', L¡�²�ÝÚ��Ý
k¤eü, ��8>/� MgB2 ¬â/G�C�Ø
²w. ù«�¹`²3?1lfËì�L§¥, �
þ�p�� Ti lf���¬�L¡, ¦Ù/m�)

�½�Cz. ù«L¡/m�Cz�?1pUâ
fËì�� MgB2 L¡/mCzaq [8].

(a) (b)

500nm 500nm

ã 1 (a) ZÀ� MgB2 ��� SEM /m�; (b) ² Ti lfËì����� SEM /m�
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ã 2 (a) �X� MgB2 ���¬� XRD ãÌ; (b) MgB2

(002) ¸NC ����ã

�X�?1
ØÓJþvlfËìÚ�?1
vlfËì�ZÀ MgB2 ���¬� XRD û�
ãÌXã 2 ¤«. Ù¥ 0# ´ZÀ� MgB2 �¬,
l 1#, 5# ´Uvlf�JþÅÚO\�^S�
þü��. lã¥�±wÑ¤k��¬¥ÑÑy

3 25◦ Ú 52◦ NC ��û�¸, ùü?©O
´ MgB2 � (001) ¸Ú (002) ¸. 35◦ NC ��û
�¸´�. SiC �¸. Ó���±w�l 0# �¬
� 5# �¬, �XvlfJþ�O�, MgB2 (001),
(002) �û�¸� �Ñy
���Ý £��¹.
é'�%��¹�±uy, � MgB2 �¬¥�\%
�, MgB2 �û�¸Ñy���Ý £��¹, ù´
du C �f?\� MgB2 ¬�¥, ¦� a ¶�¬�
~êC� [9]. Ïd·��±��, MgB2 û�¸�
��Ý £, `²k Ti ��f?\
 MgB2 �¬�
¥Óâ
Ü© Mg , �¦ MgB2 � a ¶¬�~ê
u)
é�ÌÝ�O�. ù�3�c MgB2 �á¥
�\ Ti �vk Ti �f?\ MgB2 �¬�, MgB2 ¬
�~êvkUC��¹ØÓ [17]. ,	, 3Ø
 0#

�¬�Ù¦ 5 ��¬¥, �3 61◦ Ú 68◦ NC �
Ñy
û�¸. ùü� �éA�´ TiB2 �û�
¸. dd��3?1LvlfËì��¬�¥Ñy

�þ Ti �� Mg )¤ TiB2 �y�.

ã 3 0#, 1#, 2#, 3# �¬3ØÓ§Ýe�.>6�Ý�	\^|�'X­� (	\^|���R�u��L¡,
÷ c ¶	ò��, 1 Gs = 10−4 T)
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ã 3 ´ZÀ MgB2 ����Ú�X�²L Ti
lfËì� MgB2 �����¬3ØÓ§Ýe
�.>6�Ý�	\^|�'X­�. 3é�¬
?1^Æ5�ÿþ��ÿ, Ti �ËìJþ��
� 4# Ú 5# �¬� M -T ­�Ú^¢£��ÿ
þ(JÑw«�¬���5�É�
��. Ïd
3þã¥��Ñ
ËìJþ�é������
¬�ÿþ(J. �±w�, éuZÀ� MgB2 �
�, 3 5 K, 0 T ��¹e, Ù�.>6�Ý��

 1.75 × 108 A/cm2, �dc��� MgB2 ���
����^ÿþ�.>6�Ý 2.3 × 108 A/cm2 �
��~�C [4], ���
 MgB2 �nØ»é>6
�Ý Jd − 8.7 × 108 A/cm2 (d Ginzburg-Landau ú
ª Jd = Φ0[3/(

√
3)πµ0λ

2(T )ξ(T )] ���� [23])
��� 20%. ù�L²·��ZÀ MgB2 ����
¥�,�3�þ�� c ��)�� MgB2 ��¬
â, �Ä�þ´	ò)��. ù�X� MgB2 ��
���¬?1
 Ti lfËì�, 3 5 K g|e�
���.>6�ÝÑk¤ü$, Ù¥ 1# �¬� Jc

(5 K, 0 T) eü� 5.47 × 107 A/cm2. d��?1%
Ú7�,� MgB2 ���¬�', E,´���é
�p�ê� [10,14], 3 25 K g|^�e, 1# �¬
� Jc ���
 2.94 × 107 A/cm2, ù�ê�'� Ti
� MgB2 ¬áÚ�á3 20 K g|e��.>6
�Ý 3.1 × 105 A/cm2 9 9.3 × 105 A/cm2 �pÑé
õ [16,17].

ã 4 MgB2 ���¬3Ó�§ÝÚ^|^�e�.>6
�Ý�vlfËìþ�'X­� (	\^|���R�u
��L¡, ÷ c ¶	ò��)

Ó�lã 4 ��±wÑ, ?1 Ti lfËì
���¬, Ù Jc �X	\^|�O�
~��
ÌÝ�'ZÀ� MgB2 ���¬�, ùL«�,
²LËì���¬3g|e�16Uåk¤ü

$, �´3p|e�16Uå��
Jp. ZÀ
� MgB2 �¬3 5 K, 	\^| 4T ��¹e Jc

� 1.80 × 104 A/cm2, 1# �¬3Ó�^�e� Jc

K´ 1.72 × 105 A/cm2, Ñy
²w�J,, ù«
�¹`² Ti lf�Ëì±9 Ti ����,J
p
 MgB2 ���¬�^Ï¹SUå, ËìþU
YO\��¹e�.>6�ÝÑy
eü, `
²ËìþL�¦ MgB2 ¥�)Lõ"��¬�
�Ù��5�. 
 MgB2 ¬á3�\ Ti ��¹
e�U3$| (0—2 T) eJpÙ16Uå [16].
| ^ � � � � A { 3 MgB2 ¬ á ¥ Ó � �
\ Ti Ú C �, 3 20 K, 4 T ��¹e Jc U
�
� 1× 104 A/cm2, 
·�� 1# �¬3 4 T, 15 K, �
¹e Jc� 1.2×105 A/cm2. �Ä���, MgB2 ¬
á��� Jc �$, ���évÚ%Ó��,,·�
� Ti lfËì�ª3Jp MgB2 á�p§p|�
¹e�16Uå¿ØLyÑ�³. 
l Zhao ��
ïÄ(J [16] 5w, �é==�\v��, Ó��\
vÚ%��3p|eJp MgB2 á�16Uå�
�^�²w. Ïd�±wÑlfËìé MgB2 ��
��^�Ö
==�\v����³.

ã 5 0#, 1#, 2#, 3# �¬��{>{Ç�§Ý�C
z­�

ã 5��X� MgB2 ���¬� R-T ­�. l
ã¥�±wÑ, �XËì� Ti lfJþ�O\, �
¬��{>{Ç¥yþ,�ª³, ��=C§Ý Tc

¥yeü�ª³. �~��{>{Ç ρ (42 K) d
ZÀ MgB2 �� 0# �¬� 5.54 µΩ·cm O\� 3#

�¬� 105.94 µΩ·cm. 
ù�X��¬�â�{
>{Çm©×�ü$��§Ý(½���=C§
Ý Tc K©O� 40.4 K, 39.9 K, 37.7 K, 35.9 K. ��
� Ti 5\þ�O\, MgB2 �����=C§Ý¿
vk�ÌÝ�ü$. ���ZËìJþ� 1# �¬
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5w, 39.9 K ���=C§Ý'å�Z%�,ßÝ
� MgB2 �¬� 22 K[22] �pÑNõ.

dã 5 ��±wÑ�X Ti lfJþ�O�, ù
�X��¬��~�e��>5�3u)XCz:
0# �¬¥yÑ�´äk�½�7á5, �éu Ti
lfËìJþ��� 3# Ú 4# ü��¬K²w/
¥yÑ
��N5.

ã 6 0#, 1#, 2#, 3# �¬R�u�¡���þ�.|�
§Ý�'X­�

ã 6 ¤«�X� MgB2 � Ti ���¬�R�
u�¡���þ�.^|�§Ý�'X­�. þ�
.|´|^ØÓ	|e�>{Ç§Ý­�d “>
{Ç 90%” ��â(½�. �±wÑ, �'ZÀ
� MgB2 �¬, ?1 Ti lfËì���¬�þ�.
|k�½§Ý�Jp, Ó��â­���Ç�±í
äÑËì��¬�"§þ�.|�k�½§Ý�
Jp. ØL�'3 MgB2 ��¥�\ C Ú Si ��
¹, ²L Ti lfËì��¬þ�.|Jp�§Ý�
�$ [10,14]. |^� ���A{é MgB2 ¬á?
1ü�� Ti �,��uyé�¬þ�.|Ä�v
kK� [16], ù`²�¬þ�.|�JpÌ�5g
ulfËì�K�, 
Ø´ Ti �,��^.

ã 7 ¤ « ´ 0#, 1# � ¬ � � z ¹ S å �
Ý f = Fp/Fmax ��z^|rÝ h = H/Hirr 3Ø
Ó§Ýe� (5 K, 15 K, 25 K) 'Xã. Ù¥¹Så
�Ý Fp = µ0JcH , Fmax � Fp ����. Hirr ´Ø
�_|, §�ê, ´ÏL J0.5H0.25 � H �'X­�
5(½�. �,¹Så�^|rÝ�'X8c�v
k����-<÷¿�nØ(J, �´�õê�¢
�*	(JÑ�±^ f = Ahp(1 − h)q �/ª5L
«. Ù¥ A ~þ��¬��(�!Ginzburg-Landau
~ê±9Ø�_|��k'. 
¹S~ê p Ú q �
ê�K�¹S¥%�5�Ú�Ýk'. 3ã 6 ¥,

¢�=´UìT/ª[Ü���­�. éu¬.¹
S, ¹S~ê�C� p = 0.5, q = 2, 
éu:¹S,
¹S~êK�Cu p = 1.0, q = 2.0 [29−31]. éu·
�� 1# �¬, p = 0, 53, q = 1.56, ��3²L Ti
lfËì���¬¥, Ì��¹SÅn�¬.¹S,
ù�(J��%� MgB2 ���(JØÓ [32], �
´Ú�7� MgB2 ���(J�q [14]. �´�±
wÑù�[Ü(J3$|eÎÜ�Ð, 
3¸� 
�±9��^|��¹e�¢�(J�[Ü­�
�ÎÜ��, 
�ÎÜ:¹S��¹. ù`²3Ë
ì�L§¥ MgB2 ��¥Ú\�"�Ì�´:"
�, ¿�ù
:"�3p|��¹eéJp�¬�
¹Såå�
Ì���^, �´3 1# �¬�Ëì
þ�^�e, MgB2 ��3)�L§¥/¤�¬.
¹S�3ÓÌ�/ .

ã 7 0#, 1# �¬��z¹Så�Ý f(Fp/Fmax) ��
z^|rÝ h(H/Hirr) 3ØÓ§Ýe� (5 K, 15 K, 25 K)
'Xã (Ù¥¢�´Uì f = Ahp(1 − h)q �/ª[Ü�
�­�)

lþ¡��«(J�±wÑ, ^vlféZÀ
� MgB2 ����?1ËìÓ�Ú\v���,
U
3 Tc vk²w~���¹e¦� MgB2 3	
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|e�16Uå��²w�Jp. ·���ÏL
¥fËì½öpUâfËì��{U
Jp MgB2

á����16Uå [7,8]. �Ù¦3 MgB2 �¬�
�L§¥�\v��{�', 'X� ���A{,
·���{(Ü
lfËìÚ�,��Ó�^, l

3Jp MgB2 á�16Uå�§Ýþk²w�
`³, cÙ´p|��¹e (2 T ±þ).

,	, 3 õ � I S	� ï | ^ � � � {
é MgB2 ¬á?1�,�ïÄ¥, uyÓ��\ Ti
Ú C 'ü��\ Ti, é MgB2 á��5Uk�Ð�
J,, AO´ép|e�16UåÚþ�.|�U
õ [16]. lùp·��±��éu, XJé MgB2 �
�?1 Ti Ú C lf�Ëì, k�U¤��«k�
�Jp MgB2 ��16UåÚþ�.^|�#å
». �'ïÄØ©,u.

4 ( Ø

·�|^ HPCVD ��{��
äkp5U
�ZÀ� MgB2 ����, ��éÙ?1
 Ti l
f�Ëì¢�. ·�uyËì���¬¥k�
þ� Ti �f?\
 MgB2 �¬��¥, Ó��u
y
 TiB2 �¬�. Ëì���¬��=C§Ý
¿vk�ÌÝ�ü$, 
Ù3p|�16Uå±
9þ�.^|Ñ��
²w�J,. Ù¥ Ti l
fËìJþ� 1 × 1013/cm2 � 1# �¬, 3�±,
39.9 K ��p���=C§Ý��¹e, Ù Jc,
(5 K, 4 T), �
 1.72 × 105 A/cm2, pÑ
�Ó^
�e�ZÀ MgB2 �� Jc ���êþ?. ?�Ú
3 1×1013 cm−2 � 2×1013 cm−2 �Jþe?1 Ti
lfËì, k"Ïé��Z� Ti lfËìJþ.
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The effects of Ti ion-irradiation on critical current
and flux pinning in MgB2 thin film∗
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Abstract

High-quality MgB2 films are fabricated via hybrid physical-chemical vapor deposition (HPCVD) and irradiated by Ti ions. Com-

pared with the unirradiated film, the Ti-irradiated MgB2 film shows a high critical current density (Jc) in magnetic field and also a high

upper critical field (Hc2), while the superconducting transition temperature (Tc) does not decrease significantly. The Ti-irradiated film

with a best fluence at 1 × 1013/cm2 shows a high Jc of 1.72 × 105 A/cm2 in 4 T perpendicular field at a temperature of 5 K and a

moderately decreased Tc at 39.9 K.
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