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1 Ú ó

glü9%B�+ (SWCNTs) �uy [1] ±5,

§�ÕA���+G(�ÚÛÉ�>ÆÚåÆ5
�Úå
<��'5. cÙ´Cc5, SWCNTs A
^uB�ì��¡�p<cµ [2−4], r¦|^p
U>fåé§�?1B�\ó¤���9:ïÄ
+�. 8c, |^pU>fåé SWCNTs ?1?
»!��ÚÅ�9�'�ü9%B�+3>få
Ëìe�Ø½5ïÄ®²k�
�� [5−14], ~
X, Ajayan � [5] uy3¿§e>fåþ!Ëì¦
ü�²�� SWCNT �»±Y �¿�ªä�;

Smith � [7] O�¿¢�Øy
¿§e>fålü
� SWCNT ¥ñÂÑ%�f�K�Uþ� 86 kV;

3 800 ◦C p§e, Terrones � [9] |^ 1.25 MV >
fåËì¦ü��»ØÓ� SWCNT ¢y
©f
ë�, /¤ “X” .+, ¿�±?�Úr “X” .+à

~� “Y” .½ “T” .�. �´3ù
ó�¥, ï
Äö�Ï~|^DÚ�-E (knock-on) Å�¿(
Ü©fÄåÆ�[5?1)ºÚýó, �Ñ

é SWCNTs (�Ø½5=Cå'��^�B�
Ç�AÚUþåp��9-¹�A.

�
�«pU>fåËìp� SWCNTs (
�Ø½5y��¢�, ·�3¿§e|^ß�
>ºéØÓ/�� SWCNTs ?1
�XÚ��
 >fåËìïÄ. ïÄuy: 3�Ó�Ëì^
�e�XËì�m (½ËìJþ) �O\, üà�
½� SWCNT »�Â �Â �Ç�5�¯; �
Ó�»�¶��� SWCNT '²�� SWCNT

�\Ø½; �à�½,àgd� SWCNT ¶�
Â �Ù�»Ä�ØC. 3 SWCNT B�Ç�
A [15,16] ÚUþåp��9-¹�A [16,17] �Ä:
þ, ·�|^#uÐ�%�f� “K�” Ú “*Ñ”

Å�éþã SWCNTs Ø½5y�?1
#�!
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2 ¢��{

·�|^U?�-1l��È{ [18] )�

¢�¤I� SWCNTs. ò SWCNTs �\ÃY
¯U¥?1�(��, ¿©©Ñ�%��»�þ
�¤¢�¤I�ß�>º�¬. ,�|^\�
>Ø� 200 kV �ß�>º� *	¿P¹¿§
�>fåËìe SWCNTs �(�=CL§. �

~�Ø7 �Ï ��Z6, ·�ÀJ�»�¥
©Ñü�� SWCNT ¡ã?1þ!Ëì. Ëì
L§¥, Ëìå��u·��*	«�, ±�y
*	«�Ëì>6�Ýþ�, Ó�(�¢�L§
¥, >6�Ý��mCzØ�Ñ 5%, Ëì>6�
Ý�� 6.25 × 106 nm−2 · s−1 (100 A/cm2). �?
1*	Úûì�, å�*�, ¦>6�Ý��ü
� 6.25 × 104 nm−2 · s−1 (1 A/cm2), �zg�
�ûì�m3 30 s ±S. ù�, �±¦>få�Ë
ì�Aü$��ÑØO�/Ú, Ó�q��Jp

���Ý. ��5¿�´, 6.25 × 106 nm−2 · s−1

�Ëì>6�Ý¿Ø¬¦ SWCNTs �§Ý,�é
p (Ï~=AÝ)[6], §�Ì�Ëì�A´�9�, ¤
±ËìL§¥�¬§Ý©ª�±3¿§. d	, ¤
k¢��Ëì^�ÑÄ��±��.

3 (J�?Ø

ã 1 P ¹ 
 > f å Ë ì e � � ü à � ½
� SWCNT �(��Ëì�m (½ËìJþ) O\
=C�L§. Ëìc, Xã 1(a) ¤«, SWCNT L
¡ZÀ�²�, §��»�� 1.8 nm, �+�ü
à�½3 SWCNT åþ. ËìL§¥, Xã 1(b—h)

¤«, ¦+ SWCNT L¡�Ëì�m (½ËìJþ)

O\C/��5�î, �´§E,U
�±+
f�/G. duüà��½, >fåËìe SWCNT

ØU¶�Â , �UÏL»�Â ±~�L¡U.

SWCNT ��»3�� 11 min �Ëì�mSl�
Ð� 1.8 nm Â � 1.2 nm ¿�ªäm (Xã 1(i)

¤«). SWCNT ��»�Ëì�mCz�'X�N
3ã 2 ¥. Ù¥, SWCNT ��»´ÏLA��L5
:��»�²þ���. lã 2 ¥��ü:ë��

�ÇCzª³�±wÑ, SWCNT ��»�Ëì�
m�O\Â ��5�¯.

ã 1 ¿§e, üà�½� SWCNT �Ëì�m (½J
þ) �O\»�Â ¿�ªäm

ã 2 ã 1 ¥ SWCNT ��»�Ëì�m�Cz

ã 3 '�
¶��Ú²�� SWCNT 3>
fåËìe�Ø½5. Xã 3(a) ¤«, Ëìcü
à�½�¶��Ú²�� SWCNT ��»�Ó,

�� 1.4 nm. >fåËìL§¥�XËì�m�
O\ (�ã 3(b—d), ²�� SWCNT ±Y»�Â ,

�U
�±�Ð�+f/G; ¶��� SWCNT
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¦+»�Â �é�ú, �´¶��Ý²w á�
��+fC/éî. ù`²3�Ó�Ëì^�e
�� SWCNT '²�� SWCNT �\Ø½, 
�%+¶�Â �UK�»�Â ¦ÙÂ �Ç
~�.

�
á� SWCNT 3>fåËìe»�Â 
Ú¶�Â �¢�, ·�?�ÚïÄ
�à�½
,àgd� SWCNT 3>fåËìe�(�=C
L§ (�ã 4). Ëìc, Xã 4(a) ¤«, SWCNT �
àgd,à�½3�¬%þ, Ù�»Ú�Ý©O
�� 2.2 nm Ú 14.4 nm. Ëìm©�, Xã 4(b)—

(i) ¤«, SWCNT `k±Y¶�Â , �´, §�
�»Ä��±ØC. ËìL§¥, SWCNT Ñy�
½§Ý��, �U´+9��(� (X"�½
ö+9áN��¬%�) ½ö>fåËìÛÜ
Øþ!��. SWCNT ��»Ú�Ý�Ëì�m
�Cz�N3ã 5. lã 5 ¥�±wÑ, SWCNT

¶ � Â   � Ç Ä � � ± Ø C, Ù ² þ ¶ � Â
 �Ç�� 2.3 × 10−2 nm/s,  SWCNT ��»
CzØ�.

l±þX�¢�¥, ·��±�³Ñ>fåË
ìe SWCNT (�Ø½5���.

ã 3 ¶���Ú²���Ó�» SWCNT 3�ÓËì^�e�Ø½5'�

ã 4 ¿§e, �à�½,àgd� SWCNT �Ëì�m�O\¶�Â 
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Ä k, B �  Ç � A Ú > f å � 9 - ¹ �
A´ SWCNT (�=CL§¥�'�K�Ï�.

SWCNT �B�Ç�AÌ��¹n�¹Â: 1)

SWCNT du	L¡�ÜAåÚSL¡�ØAå
�Ó�^äk'B�âf (=k	L¡ÜAå)

½B�� (=kSL¡ØAå) �\wÍ�L¡U,

ù«pL¡U´ SWCNT ��(�Ø½5�Ì
�pÏ, 3·��	.Uþ-u (XpU>få!
lfåËì�) eUp� SWCNT (�u)Cz;

2) éuÓ�� SWCNT, Ç���/�%�f?
u�p�UþG�, l�Ø½; 3) éuØÓ
� SWCNT, �»��½ö¶��� SWCNT �
Ø½. =k SWCNT �B�Ç�A¿Øv±
�� SWCNT (�u)Cz, §7L�Ñ�½�
U^. >fåËìU
å�ù«�^, §U�9
-¹ SWCNT, ¦ SWCNT U^ü$½��, l
�� SWCNT (��Cz. Ïd, 3	.>få�
9-¹Ú��B�Ç�A�V�^e, ã 1

¥ SWCNT »�Â ±~�L¡U; ã 3 ¥¶�
�� SWCNT '²���\Ø½, ��»�
� SWCNT '�»���\Ø½ [19], N´u)
(�Cz; duºà�+9�'äk��Ç, ã 4

¥ SWCNT 3>fåËìe`k¶�Â .

Ùg, >fåËìL§¥, Ì�kü«Å�
é SWCNT ¥%�f�£ å�^: �´%�f
� “K�”; �´%�f� “*Ñ”. %�f� “K�”

´�3>fåUþ�¯�È SWCNT L§¥, +
¥%�f3�Ä±ÏS5Ø9r�È�	5Uþ
=z�9�ÄU, ��%�f�þ�^z½ü$,

3B�Ç�A (�pL¡U) �^eN´øl%
+åPlm%+L¡/¤ “%�fí”; %�f
� “*Ñ” ´�duB�Ç�A, %+ºà½�
?�%�f�²�+9?�%�f�'�\Ø
½, 3>fåËì�-ueN´÷X+9�Uþ
�$�%+�½à*Ñ, ÷*Ly�%+`k¶�
Â . ã 1!ã 3 Úã 4 ¥ SWCNT LyÑØÓ�
Â y�, �U´ùü«Å�3ËìL§¥¤å�
�^ØÓE¤�. Ù¥, ã 1 �Ñ
%�f “K
�” ���yâ. lã 1 ¥�±wÑ, 3��B�
Ç�AÚ>få�9-¹V�^e, üà�½
� SWCNT Ã{¶�Â , �UÏL “K�” ��
%�f, �f���3e�� ½]�¦%+C�

�\Ø½, dug�¡Eü� sp2 +G(��ª
³ér, +¥%�f#ü�Úg|C±WÖ� ,

ù�²LN��%+�»C�, =Ly�»�Â ;

ã 3 �Ñ
%�f “*Ñ” ���¢�yâ. lã 3

¥�±wÑ, Ëìc�»�Ó�ü� SWCNT ²
L 840 s �Ëì�LyÑØÓ�½5. Ù¥¶�
�� SWCNT îC/��Ý²wCá, `²§
'²�� SWCNT �\Ø½. 3��ËìL§¥,

¦+ü� SWCNT ÑÑy»�Â , �´¶��
�%+�¶�²���'»�Â �Ç²w��,

ù�U´du3B�Ç�AK�e, ¶��?
�%�f'²�?��\Ø½, 3>fåËìe
�N´ “K�” Ú¶�?1 “*Ñ”, “*Ñ” �%�
f�U¬W¿%+²�?%�f “K�” �3e�
� , �� SWCNT »�Â ~ú; ã 4 ?�Ú�
«
%+� “K�” Ú “*Ñ” Å�. ã 4 ¥ SWCNT

�à�½,àgd, gd��¥/ºàdu��
Ç'%+²�?�\Ø½, 3B�Ç�A
Ú>få�9-¹�A�Ó�^e, ºà%�f�
N´÷+9L¡�Uþ�$��½à “*Ñ”, ³
�
 “K�” Å�é SWCNT �»�Â ¤å��
^, �, �Uduºà�¥¡'ã 3 ¥ SWCNT

¶��?�\Ø½, %�f�¯/÷%+L
¡ “*Ñ” �v±-�%+²�? “K�” �%�
f, ¦ SWCNT ��»Ä��±ØC. o�, %�f
� “K�” Ú “*Ñ” Ûõ3>fåËìe SWCNT

�Ø½5y�¥, �%�f “*Ñ” é “K�”

Úå� SWCNT »�Â k³��^.

ã 5 ã 4 ¥ SWCNT ��» (n�/) Ú�Ý (�/) �
Ëì�m�Cz

Ajayan � [5] ���
¿§�þ!>fåËì
eü� SWCNT »�Â ¿�ªä��y�. �´,
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¦��Uuy SWCNT (�=CL§¥å'
��^�B�Ç�AÚ>fåp��9-¹�
A, ±9Äu§��%�f� “K�” Ú “*Ñ” Å
�. ¦�Ø�Ø/ÏDÚ� knock-on Å�¿(Ü
©fÄåÆ�[5é¤*	�� SWCNT (�=
CL§?1)º. éw,, DÚ knock-on Å�¿
ØU)º·�¢�¥uy� SWCNT `k¶�Â
 !“*Ñ” Å�é SWCNT »�Â �³��^
�Ãõy�. ,	, ¦+ Hashimoto � [20] ®²8û
�
�fº��áN�fÚ� �/¤, �´8c
�EâE,Ø�U¢�Jl SWCNT (�CzL
§¥áN�f½ü�� �$Ä [21], ù�, ©fÄ
åÆ�[� SWCNT �f(�CzL§Ã{�¢
S�¢�L§�é', ù«�[�´�·�3e

éõ]�û�¯K. ¯¢þ, |^·�#JÑ�
ÄuB�Ç�AÚ>fåp��9-¹�A�
%�f� “K�” Ú “*Ñ” Å�U
éþã¢�y
�?1'��¡!Ün�)º.

4 ( Ø

�©3¿§e|^p©Eß�>º�XÚ
/� *	
>fåËìe SWCNTs �(�Ø
½5. ¢�uy, �XËì�m (½ËìJþ)

�O\, üà�½� SWCNT »�Â �Â �
Ç�5�¯; �Ó�»�¶��� SWCNT '
²�� SWCNT �\Ø½; �à�½,àgd
� SWCNT ¶�Â �Ù�»Ä�ØC. éuù

¢�y�, ·�|^3 SWCNT B�Ç�AÚU
þåp��9-¹�A�Ä:þ, #uÐ�%�
f� “K�” Ú “*Ñ” Å�?1
'��¡!Ü
n�)º. d	, ù
#Vgw5äk�r�Ê·
5, �±^5Ú�ýóÚ)ºUþå�¯Ëìe
�«ØÓ$�B�(��Ø½5, ¿�(½#�
� SWCNT B�ì�(��E\ó95U½J
ø
�½�ë��â.

[1] Iijima S, Ichihashi T 1993 Nature 363 603

[2] Collins P G, Zettl A, Bando H, Thess A, Smalley R E 1997 Science

278 5335

[3] Li P J, Zhang W J, Zhang Q F, Wu J L 2007 Acta Phys. Sin. 56
1054 (in Chinese) [o±ê, Ü©·, Ül¹, Ç<X 2007 Ôn
Æ� 56 1054]

[4] Sun J P, Wang T H 2002 Acta Phys. Sin. 51 2096 (in Chinese) [�
§+, ��÷ 2002 ÔnÆ� 51 2096 ]

[5] Ajayan P M, Ravikumar V, Charlier J C 1998 Phys. Rev. Lett. 81
1437

[6] Banhart F 1999 Rep. Prog. Phys. 62 1181

[7] Smith B W, Luzzi D E 2001 J. Appl. Phys. 90 3509

[8] Terrones M, Terrones H, Banhart F, Charlier J C, Ajayan P M 2000

Science 288 1226

[9] Terrones M, Banhart F, Grobert N, Charlier J C, Terrones H,

Ajayan P M 2002 Phys. Rev. Lett. 89 075505

[10] Krasheninnikov A V, Banhart F 2007 Nature Mater. 6 723

[11] Yoon M, Han S, Kim G, Lee S B, Berber S, Osawa E, Ihm J, Ter-

rones M, Banhart F, Charlier J C, Grobert N, Terrones H, Ajayan
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Abstract

The nanoinstability of single-wall carbon nanotube (SWCNT) under electron beam irradiation is systematically investigated by

in-situ transmission electron microscopie observation at room temperature. Under the same irradiation condition, it is found that

with the increase of irradiation time (or electron dose), the SWCNT whose two ends are fixed at ropes of nanotubes shrinks in its

radial direction with an increasingly faster rate; the curved SWCNT is more instable than the straight one with the same diameter; the

SWCNT with a free capped end but the other end fixed at a rope of nanotubes shrinks in the axial direction but almost keeps its diameter

unchanged. All experimental phenomena could be well accounted for by new concepts of the nanocurvature of SWCNT and by the

electron beam-induced athermal activation.

Keywords: electron beam irradiation, single-wall carbon nanotube, nanocurvature effect, athermal activation
effect
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