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%%%BBB���+++SSS Ni BBB���������ÚÚÚ^̂̂ÝÝÝ���999­­­½½½555ïïïÄÄÄ*

Ú�1 Üp!† $�� 74� ¨ï#

( ���Æá��1>ÔnÆ�, þfó§��BU
EâïÄ¤, �� 411105 )

( 2011 c 12 � 29 FÂ�; 2012 c 2 � 29 FÂ�?Uv )

�©æ^©fÄåÆ�[�{ïÄ
ÉÃ.%B�+�K Ni B���EÜ(�, Ì�?ØSÜ Ni B���
Ú^ÝÚ9­½5. (JL², Ni B���õ��Ú^(�, ���´dõ^ Ni �fóÚ^
¤, ØÓ��Ú^Ý
ØÓ, S��Ú^Ý²w�u	�. �z�� Ni �fó^ê� 3 ��ê��, ÙÚ^Ý��. Ni B���Ú^Ý�
%B�+�+»�', ��Ú^Ý����+»�O\k²w�±Ï5Cz. %B�+é Ni B��kéÐ��o
�^, =¦´p§é Ni B���(�9Ú^Ý�K�é�.

'�c: Ni B��, %B�+, ©fÄåÆ

PACS: 61.46.Km, 61.46.Fg, 65.80.–g

1 Ú ó

g 1993 c ¢ y % B � + (carbon nanotubes,

CNTs) �W¿±5 [1], ¢�©ÛÚnØ�[L²,

3%B�+þf�n¥W¿Ù¦Ô�¤�EÜ(
�NXäkÕk�(�ÚÔz5�, U
²w/U
õ%B�+�>�!9�ÚÅ�5U� [2−4], �U
Or|�z5, ��^�×£&�á�½öA^u
pà°�¤ì���. W¿^57áÔ��EÜ(
�3>fA^!êâ�;!)ÔEâÚ&ÒDÑ
+��ké��uÐ�m. <�®²u²éõ�{
5¢y%B�+�W¿, Xf[W¿{ [1]!>l�
>{ [5,6]!xz9){ [7]!�zÆ{ [8−10]!��
{ [11] 9kÅÔ9){ [12] �.

<�®²éÕá�7áB��Ú%B�+�
K7áB���EÜ(�?1
2��O��[
ïÄ, Tosatti � [13,14] æ^©fÄåÆ�[�{é
�[ Al Ú Pb B����¬(�?1
ïÄ, uy
�B���»ü$����.��, 7áB���
(�´�«õ���Ú^(�. 3¢�¥, Kondo

Ú Takayanagi[15] ^>fåñÂ Au ����Ñ�

»3 0.6 nm � 1.3 nm, �Ý� 3 nm � 15 nm � Au

B��, ¿*ÿ�ù
B���õ���Ú^(�.

Üp!� [16] æ^©fÄåÆ�[�{ïÄ
%
B�+S Au B���(�Ú9­½5. Kosmider

� [17] é�ìq3ØÓa.%B�+S�(�?1

©fÄåÆ�[, uy�ìq3 (10, 10) Ú (15,

15) %B�+S/¤
¹k¥%�fó�õ���
(�, 
3 (20, 0) %B�+S¥%��fó´VÚ
^ó(�. Üï¬� [18] æ^�Ý�¼nØé (10,

0) SW¿� FeCo B���Ñ$5�?1
�[
�©Û. Li � [19] æ^�AkÛ�{é%B�+
W¿ Ni B��?1
ïÄ, Ì�?Ø
%�fá
N Ni �f�L§, uy Ni �f�²Lìà — ?
\ — *ÑL§���+S9�>, 
��k3%
B�+��»�u 0.76 nm �, Ni �fâU�á\
%B�+S/¤õ���Ú^(�. w,eUéù
a(��SÜ[!?1©Ûò�~k¢����
^. ù«(��Ú^�B�^��aq, Uk��
{�(f�Ñ$l
³�NX�9�Ç [20], ��
OA½õU�þfì�Jø#�g´.

�©Ì�?ØÉÃ.%B�+S Ni B���
Ú^�¹, æ^�é©ÛEâÚ»�©Ù¼ê©Û
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%B�+S Ni B���(�9­½5, (JL²,

%B�+�K� Ni B���õ��Ú^(�, Ù
Ú^Ý�%B�+�+»�', ��X%B�++
»�O\ Ni B���Ú^Ý¥±ÏCz, Ó�%
B�+é Ni B��kéÐ��o�^. ·���
[(Jé¢�þ��7áB��9uy§�#�
A^äk�½���¿Â.

2 �.�O��{

�©�ïÄ�{´, 3ØÓ+»�ÉÃ«.%
B�+à����½�fê� Ni B�ìq, æ^
©fÄåÆ�{ [21−23] �[ Ni B�ìq3p§
eduf[�^á\%B�+S, 2²ò»/¤­
½%B�+�K Ni B��EÜ(��1�, ¿�
�%B�+�K� Ni B��(��Ú^Ý�¹.

�[L§�3n«�fm��p�^: C–C, Ni–Ni

Ú C–Ni. Ù¥ C–C ��p�^d Tersoff ³ [24,25]

5£ã, Tersoff Uì Abell ��¼³�./ª�Ñ

 Morse .� Tersoff ³¼ê, ù´���ÜrÝ�
6u±��f���õN³¼ê, �±éÐ/£ã
L¡­�U, U'�Ð/£ã%B�+5�
�2
�A^ [16,23,26]. Ni–Ni ��p�^d Tight Binding

³5£ã [21], Tight Binding ³´l1�5�nÑ
u, ±Û��ÝCqÚ��ÄþÝCq�Ä:, 3
?n d �>f�LÞ7á¬N(�¥LyÑé�
�`³ [27,28]. æ^ Lennard-Jones ³5£ã C–Ni

�p��^, Lennard-Jones ³ÏÙO�{ü
�2
�^u£ãvà�Ô��m��p�^, �±éÐ
�£ã%B�+� Ni �f��p�^ [16,19,23]. Ù
L�ª�

V = 4ε

[(σ

r

)12

−
(σ

r

)6
]

(σ = 0.357nm, ε = 0.0688eV)[29,30]. (1)

©fÄåÆ�[æ^�KXn (NVT), gd>
.^�, $Ä�§�ê�¦)¦^ Gear Ê�ýÿ

��{, �ä�»´ 1.0 nm, �[Ú�´ 0.5 fs. ·�
3%B�+m�à�� Ni B�ìq�?1 1200 K

p§µþ 20 �Ú (100ps), Ni B�ìq3f[�
^ e � ú � á \ % B � + S / ¤ B � �, , �
± 25 K/ps ��Çp§ò»�¿§ 300 K ��­
½EÜ(�. %B�+3µþÚò»�L§¥,�
à��½, =�Ä%B�+é Ni B����^.

3 O�(J�?Ø

3.1 %%%BBB���+++SSS Ni BBB���������(((������ÚÚÚ^̂̂ÝÝÝ

æ ^ © f Ä å Æ � [ � { © O � � (5, 5)

� (22, 22) � 18 «ÉÃ«.%B�+W¿ Ni B�
�/¤�EÜ(�, ²Lp§µþÚò»�¿§�
L§, ¢y%B�+é Ni B����K, EÜ(�
·�{üP� Ni@CNT (m, m). ã 1 �ØÓ+»
ÉÃ«.%B�+�K Ni B���EÜ(��[
(J. �[O�uy, Ni �fØUÏLf[Úå�
^�á\ CNT (5, 5) ½��+»�ÉÃ«%B�+
S, CNT (5, 5) �+»� 0.67 nm, �u 0.76 nm, �
y
 Li � [19] �(Ø; CNT (6, 6) �+»� 0.81 nm,

�u 0.76 nm, %B�+�¥%¶þ/¤ 1 ^ Ni �
fó, Tapia[2]!Üï¬ [31] �éùa(��U�Ú
��Ý?1
O�. �X%B�++»�O�, %
B�+S� Ni B���õ���Ú^(�, éõ
ïÄ|�
�'�ïÄ [14,32−34]. [�/©Û·
���[(Juy, CNT (7, 7) S� Ni B��´
d 3 ^�fóÚ^�¤���(�, �fó�Ú^
§Ý��. CNT (8, 8) S� Ni B��´ 5 ^ Ni �
fóÚ^�¤���(�. CNT (9, 9) S� Ni B
��´ 6 ^ Ni �fó��Ú^(��¥%q\ 1

^ Ni �fó, ·�P� (6/1)Ni B��. CNT (10,

10) S� Ni B��´ 2 ��Ú^(�, S�´ 3

^Ú^ Ni �fó, 	�´ 9 ^Ú^ Ni �fó, ·
�P� (9/3)Ni B��. CNT(11, 11) S� Ni B�
�´ 2 ��Ú^ (11/5) Ni B��, CNT(12, 12) K
�K (11/6) Ni B��, CNT (13, 13) �K 3 ��Ú
^ (13/8/3) Ni B��. CNT(14, 14) �K� Ni B�
��mq��Ú^(�, �c[*	uy, Ni B�
�¥�z^ Ni �fó�Ú^Ýé�, � Ni 7á�
¬N (1, 0, 0) ���(��q. CNT(15, 15) �K�
´ 3 ��Ú^\¥% 1 ^�fó� (16/11/6/1) Ni

B��. CNT(16, 16) �K 4 ��Ú^ (19/14/8/3) Ni

B��. CNT(17, 17) �K� Ni B��� CNT (14,

14) ¤�K� Ni B��(��q. CNT(18, 18) �
K� Ni B��´ 4 ��Ú^�¥%�^�fó�
(�. CNT(19, 19) �K� Ni B���´õ��Ú
^(�, �´z�þ� Ni �fó�Ú^Ýü$, 

���¥� Ni �fóÚ^§ÝÄ���. CNT(20,

20), (21, 21) Ú (22, 22) �K� Ni B��Ú CNT

(14, 14) �K� Ni B���(��q.
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ã 1 ÉÃ«.%B�+�K Ni B���EÜ(�

ã 2 ØÓ+»%B�+¥ Ni B���Ú^Ý, þÜ�ã´E
Ü(��î�ã

�
é Ni �fó�Ú^§Ý?1þz, ·�
½Â Ni B���Ú^Ý

Q =
θ

L
, (2)

Ú^ÝU
£ã���(�¥ Ni �fó7 CNT

¶��Ú^§Ý, Ù¥ θ � Ni �fó÷ CNT ¶�
ò��¤7L��Ý, L � Ni �fó÷ CNT ¶�
ò���Ý. �Qã{ö, ·��Ñ θ �þjü ,

θ ����L« Ni �fó÷ CNT ¶�7L�Ý�
Ýê, KÚ^Ý Q ´z 0.1 nm ��Ý7L�Ý�
Ýê.

·�é���(��Ú^Ý?1
'�. ã 2

�ØÓ+»�ÉÃ«.%B�+¥ Ni B���Ú
^Ý. ��BLã, ·�ò��l	��S�^ê
i?1IP, �	�� 1 �. lã 2 ¥�±wÑ, Ø
Óa.�%B�+S Ni �fó�Ú^Ý�ØÓ,

Ó«+.%B�+S Ni B�����(�¥ Ni

�fó�Ú^Ý�ké���O. ·�± CNT (13,

13) S� Ni B���~\±`², 1 �!2 �9 3

��Ú^Ý (Q) ©O� 5.63, 8.08, 13.06, S��Ú
^Ý²w�u	�, Ù¦�EÜ(��kÓ��5
Æ. ��uyÚ^Ýk²w�åÏ±Ï5, CNT(7,

7), (9, 9), (12, 12), (13, 13), (16, 16) Ú (18, 18) ¤
�K� Ni B���S��Ú^Ý´åÏ���
�, �ù
S�� Ni �fó^êþ� 3 ��ê
� 3n ^ (n ��ê), =�ü�¥ Ni �fó�^
ê´ 3n ^�, ÙÚ^Ý��. CNT (14, 14) Ú (17,

17) S� Ni B���(�¥z^ Ni �fó�Ú
^ÝÑé�, l CNT ¶�*	, aqu Ni 7á¬
N(� (1, 0, 0) ���(�. �%B�+�+»�
��½§Ý�, ù«Ú^Ý�±ÏåÏò¬��,

X CNT(20, 20), (21, 21) Ú (22, 22) S� Ni B��
E´õ��Ú^(�, ���¥ Ni �fó�Ú^
ÝÑé$�ê�Ä��Ó, Ni B���(�aqu
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¬N(�, C �f�+S� Ni �f�m�ålO
�, �m��p�^å~�, +9é Ni B��(�
��åå²wü$. ¤±�X+»�O\, %B�
+S� Ni B���7á(��5�²w.

ã 3 ØÓ+»%B�+�K� Ni B����é'­

�ïÄ Ni B���á§(�, ·�æ^�é
©ÛEâ [35,36] é Ni B���(�?1?Ø. �
é©ÛU
�NÑ¬N�[�(�, Ï~ fcc (�
�A��´ 1421, 3 hcp (�¥¹k�þ� 1422

Ú 1421 �é, bcc (��A��é´ 1441 Ú 1661

�é, 1551 �é�±L���¡N(�, 1541 �L
��«Û­�Ê­é¡(�, ´"���¡N�
A��é, 1201 Ú 1311 �é´!/é¡(��A
��é, 1431 �éL��½§Ýþ�ÃS5. ã 3

´ CNT (8, 8) � CNT (22, 22) S Ni B��(�¥
Ì���é¤Ó'­. CNT (6, 6) �K� Ni B�
�=k�^ Ni �fó, 3 (7, 7) Ú (8, 8) S� Ni

B��Ì�kn«�é: 1211, 1311 Ú 1312, `²
d Ni B���(�±!/é¡�Ì. CNT(9, 9) �
K� Ni B��¥, �é 1321 Ú 1551 ¤Ó�'~
©O´ 39.94%Ú 33.40%, L² Ni B��±!/(
��Ì. 3 CNT (14, 14), (17, 17), (20, 20), (21, 21)

Ú (22, 22) �K� Ni B��¥, fcc (��A��
é 1421 ¤Ó�'~��, �da%B�+S Ni B
���Ú^ÝA��Cu"´�ÎÜ. Ni B��
�(�É%B�+�n�K�, ¬�)éõÃS
�(�, ¤±`3ØÓ� Ni B��¥�é 1431

�'~Ñ�p, �X+»�O\, %B�+éS
Ü Ni B���K�ü$, +»��� Ni B��
¥�é 1431 ¤Ó�'~¬k¤ü$.Ni B��¥
�é 1551 Ú 1661 �'~­��ÅÄ��. �´�
é 1321 3ØÓ%B�+�K� Ni B��¥¤Ó

'~Cz��, L²ØÓa.%B�+S Ni B�
�¥¤¹�!/(�Ä��Ó. %B�+�K� Ni

B���Õá Ni B���(� [36] ²wØÓ. %B
�+éSÜ�K� Ni B���(�ké��K�,

ØÓ+»S Ni B��(��3Xé��ØÓ�?.

du%B�+é Ni B���åP�^, �
� Ni �f3k���mS(�`z/¤Ú^B�
�, Ni B��Ú^Ý�%B�++»±Ï5åÏ�
�±l�é(��åÏ©Û¥���y. Ni B�
���é(����%B�++»�O\
åÏ
Cz. dã 3 �±wÑ, CNT (14, 14), (17, 17) �+
S Ni B��¥L� fcc (�� 1421 �é¤Ó�'
­��, Ì��7á�¬N(�, LyÑ Ni B��
�Ú^Ý�Cu". %B�+S Ni B��¥L�
��¡N� 1551 Ú bcc (�� 1661 �é¤Ó�'
~�åÏCz�Ú^Ý�Cz�kéA'X, '~
é�� Ni B���Ú^Ý���. �±`¤¹�
é�a.Ú'~� Ni B���Ú^Ýk���'
X. � Ni B���Ú^Ý¥yåÏ�Cz.

3.2 %%%BBB���+++SSS Ni BBB���������999­­­½½½555

�
ïÄ%B�+S Ni B���­½5, ?
�Ú?Ø3ØÓ§Ý� Ni B���(�, ±IJ
�< [36] æ^�é©ÛEâé Ni B���v�
L§?1©Û, uy Ni B���(�3 1000—

1200 K �mu)²w�Cz, A��«�éÑk
:ì�Cz, ·��æ^�é©ÛEâé%B�+
S Ni B���9­½5?1
©Û, uyØÓ+
»%B�+�K� Ni B���§Ý�Cz5Æþ
aq, ·�± Ni@CNT (9, 9) Ú Ni@CNT (12, 12)

�~?1?Ø.

ã 4 ´ Ni@CNT (9, 9) Ú Ni@CNT (12, 12) S
� Ni B���§ÝCzÌ��é�'­. �±
wÑ§Ý� 0—1400 K ���é¤Ó'­A�Ø
C, 3 1400—2400 K �kØÓ§Ý�Cz, ù´d
u 1400 K �%B�+�K� Ni B��d��=
z���¤�, d§Ýpu Ni 7á���=z§
Ý 1200 K[36]. `²%B�+S� Ni B�����
=z§Ýk²w�Jp.

�
)%B�+é Ni B���­½5¤å�
�^, ·�ò Ni@CNT (m, m) EÜ(��Ø CNT

�� Ni B��3~§e�²ïµþ. ã 5 ©O
� Ni@CNT (10, 10) Ú Ni@ (13, 13) �EÜ(�ø
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� CNT �� Ni B��3~§ 300 K e�²ïµþ
(J. �±uy, ø� CNT �� Ni B��3~§
eé¯�C/, (�Ø2�±�5�õ�Ú^�(

�. ©ÛL²%B�+é Ni B��AÏ�(�å
�
�o�^. Üp!� [16] é CNT �K Au B�
��9­½5�Laq�?Ø.

ã 4 %B�+�K� Ni B���§ÝCzÌ��é�'­ (a) Ni@CNT (9, 9); (b) Ni@CNT (12, 12)

ã 5 ø� CNT � Ni B��3 300 K e�µþ(J (a) Ni@CNT (10, 10); (b) Ni@CNT (13, 13)

·��uyØÓ+»ÉÃ«%B�+¤�
K Ni B���»�©Ù¼ê�§Ý�Cz5Æ�
´aq�. ± Ni@CNT (10, 10) �~?1?Ø, ã 6

�Ñ
 CNT (10, 10) S� Ni B��3ØÓ§Ýe
�»�©Ù¼ê, 1�¸��d 200 K � 0.325 nm

ìO� 2400 K � 0.345 nm, 1�Å¸�d 200 K

� 0.425 nm ìO� 2400 K � 0.44 nm. �X§Ý�
,p, %B�+S Ni B���kSÝ²wü$, Ni

�f±�C�� ����¥y*�ª³. %B�
+S� Ni B��3 1400 K �1�¸m©3�, ù
´ Ni B��Lz¤�.

ã 6 (10, 10) %B�+�K� Ni B��3ØÓ§Ý��»�
©Ù¼ê
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4 ( Ø

· � æ ^ © f Ä å Æ � [ � { ï Ä 
 É
Ã . CNT (m, m) � K Ni B � � � E Ü ( �.

� m < 6 �, ØUÏLf[Úå�^¢y%B
�+é Ni B����K. � 6 < m < 20 �, �Ï
Lf[Úå�^¢y%B�+é Ni B����
K, CNT(6, 6) �K� Ni B��´�«üó(�,

�X+»�O\%B�+�K� Ni B��Ì�
kü«(�: �«´õ��Ú^(�, ,	�«´
õ��Ú^\¥m�^ Ni �fó�(�, ùü«
(��OÑy, Ù¥���� Ni �fó�Ú^Ý
ØÓ, S�� Ni �fó�Ú^Ý²w�u	�, �
z�� Ni �fó�^ê� 3n ^�Ú^Ý�p.

� m > 20 �, %B�+�K� Ni B���´õ�

�Ú^(�, �´z�¥ Ni �fó�Ú^Ýé$

�z^�fó�Ú^ÝÄ��Ó.

%B�+�+»û½XSÜ Ni B���(�,

K�
 Ni B�����Ú^Ý. ØÓ+»%B�
+S Ni B���Ú^Ý²wØÓ, Ó«+.S Ni

B��S� Ni �fó�Ú^Ý²w�u	�. �
X+»�O\, %B�+éSÜ Ni B���K�
ü$, �%B�+�+»v
��, SÜ� Ni B�
�aqu7á¬N(�. %B�+S Ni B���
Lz§Ý� 1400 K, pu Ni 7á�Lz§Ý. %B
�+é Ni B���(�kéÐ�N��^, é Ni

B���AÏ(�å�
éÐ�o�^, �±��
^ØÓ+»�%B�+��ØÓa.� Ni B��,

ØÓa.� Ni B��òäk�gÕA�>^5�,

ù��O#.�>fì�JÑ
#�g´.
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Abstract

Molecular dynamics calculations are performed to study the structures of armchair carbon nanotubes (CNTs) encapsulating Ni

nanowires and their helicities and thermal stabilities are discussed. It is found that Ni nanowires are of multiple helical tubular structure

and each layer is composed of several Ni atom chains. Different layers of Ni nanowires have different helicities and the helicities of

Ni nanowires in the inner layer are greater than those of the outer one. What is more, the helicity will be greatest when the number of

the Ni atom chains is an integer multiple of three. As the increases of the diameters of the CNTs, the helicities of Ni nanowires change

periodically. The structure and helicity only have tiny variations even at high temperature as the CNTs can protect the Ni nanowire.
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