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1 ô��Æè7ó§�åÆÆ�, ô�	ô 212013
2 ÓL�ÆÊ�ÊU�åÆÆ�, þ° 200092
3 ô��ÆzÆzóÆ�, ô�	ô 212013Á � �$L´Cc5uy�dü�%�fÏL�d�(Ü
¤�äk5K8�é¡�n���¬N, ´ULVLÚ%B�+���q�«#.$�%áÆ. duäk���>Æ!9ÆÚåÆ5U±92,�A^cµ, �$L�@Ǳ´äkÔÑ¿Â�#áÆ, Cc5×�¤ǱáÆ�ÆÚvà�Ôn�+��Ǳ¹��ïÄc÷. �©{�0�
ïÄ�$LåÆ5U�¢�ÿÁ!ê��[ÚnØ©Û�{, ­:nã
�$LåÆ5U��#ïÄ?Ð,Ì��)���$L�Ø²�5Ú­½5,�$L�
¼�þ!rÝ�Ä�åÆ5Uëê�ýÿ, �$LåÆ5U�§Ý�'5ÚACÇ�'5!�fºÝ"�Ú�,�éåÆ5U�KǱ±9�$L3B�OrEÜáÆÚ�B>fì��+��A^,��é�$LáÆ�(��åÆïÄ?1
Ð".'�c �$L, åÆ5U, ©fÄåÆ, "�

1 Ú ó�$L (graphene), q¡Ǳ���$¡, ´dü�%�fÏL�d� (% sp2 ,z;�¤/¤� σ �!π�)(Ü
¤�äk5K8�é¡�n���¬N [1-2], Xã 1 ¤«, u 2004 cd=Iù�dA�Æ�S�� · X0 (Andre Geim) Úxd

ã 1 �$L�(�«¿ã[2]"¶ · ì»�ÛÅ (Konstantin Novoselov)Äku

y [1], ´ULVL (C60) Ú%B�+ (CNTs) ���q�«#.$�%áÆ, ÙþÝ=ǱÞuj�»� 20�©��,�Ǳ 0.335 nm,´8cuy�����GáÆ.3�$L¥, z�%�fÏLér� σ � (g,.¥�r�zÆ�)�Ù¦ 3 �%�f�ë�,ù
ér�%–%��¦�$L¡�äk4Ù`É�åÆ5�Ú(�f5. %�fk 4 �d>f,z�%�fÑ�z���¤�� π >f, ù
 π>f�²¡¤R�����/¤ π ;�, π >f�3¬N¥gd£Ä, D��$LûÐ��>5.�ù
¡	l � π �����S� π ���m�p�^���u�� σ �, =¡�m��^å�f, Ïd�$�méN´p��l,/¤���$¡. �$L�%Ä��¬N´/¤ sp2 ,z%�áÆ�Ä�, §�±�Kå5/¤"��LVL (fullerene, C60), òå5/¤���B�%+
(carbon nanotube, CNT), ��æÈ/¤n���$ (graphite), �$L´�ï¯õ%�áÆ�Ä�(�ü�[3], Xã 2 ¤«.ÂvFÏ : 2011-01-06, ?£FÏ : 2011-03-17
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ã 2 �$L9Ù�ï�"�LVL!��%B�+Ún��$[3]duÕA���(�±9`É�¬N¬�,�$Läk�©`É�>Æ!9Æ!^ÆÚåÆ5U [1-8], k"3p5UB�>fì�!EÜáÆ!|u�áÆ!íNDaì!Uþ�;�+�¼�2�A^. �$L´"Y��N, äk��$�%áÆ¤Ã{'[�16fA5, ´Ù�É'5�­��Ï��. �$L¤Ǳvà�ÔnÆ¥Õ�Ã��£ãÃ�þ).�–¤�f (massless

Dirac Fermions) ��.NX, ù«y���
Nõ#Û�>Æ5�. Ïd, �$LǱ�éØþf>ÄåÆy��ïÄJø
­�/�. ïÄ�L²,�$L�9�ÇÚÅ�rÝ (5 kW·m−1
·K−1Ú

1.06 TPa) ��÷*�$áÆ�|{, ä�rÝ�%B�+�� [7-9]. d	, �$LǱ��8�p�>!�99Å�5U��«`�5Uu�N�#.õUEÜáÆJø
�«n��B�WÆ [10-11]. Ïd, �$L��Ǳ#��ÔÑáÆ, Cc5×�¤ǱáÆ�ÆÚvà�Ôn+��Ǳ¹��ïÄc÷ [2,12-15]. 2009 c 12 �, Science ,�ò “�$LïÄ��#?Ð” �Ǳ 2009 c���E?Ð��. 2010c 10�,=Iù�dA�Æ�ü �Æ[S�� ·X0Úxd"¶ ·ì»�ÛÅÏ3���máÆ�$L�¡�mM5¢�
¼�ì��ÔnÆø, ddÚu�$L#�ïÄ9�.�©Ì�0��$L3åÆ5U�¡��#ïÄ?Ð, Äk{�0�ïÄ�$LåÆ5U�¢�ÿÁ!ê��[ÚnØ©Û�{,,�­:nã�$LåÆ5U��#ïÄ?Ð, Ì��)µ(1)���$L�Ø²�5Ú­½5; (2) �$L�
¼�þ!rÝ�Ä�åÆ5Uëê�ýÿ; (3) �$LåÆ5U�§Ý�'5ÚACÇ�'5; (4)

�fºÝ"�Ú�,�é�$LåÆ5U�KǱ;

(5)�$L3B�OrEÜáÆÚ�B>fì��+��A^. 3dÄ:þ, �Ñ8���­À�eZïÄ��.

2 ïÄ�$LåÆ5U��{B�áÆ�åÆ1Ǳ´�NåÆ+��­��Æ¯K, uÐ·^u$�B�áÆåÆ5U�ýÿ9ÿÁEâ´�c�NåÆïÄ+��­�c÷�K.8c,éu�$L��fþÝB���,<�¡�XlïÄ�{�ïÄSN�Ãõ�¡�]Ô�(J. ïÄ�$L�åÆ5U, ÒïÄ�{
ó,Ì�k¢�ÿÁ!ê��[ÚnØ©Û 3«å».'u¢�ÿÁ�{, ©z [16-18] éB�áÆåÆ5U!B����.¡rÝÿÁ�{?1
o(µã. ,
, du�$LÕA���(�, Òy�ã�¢�^�
ó, é�$L?1åÆÿÁ�JÝE,é�, Ì��Ï��¡´p�þ�$LáÆ����Ǳ(J,,	, �k�¦^�¢���$�, ±91Ö�C/þ�ÿþ°ÝØ´�y. 8c�k�fåw�º (AFM) B�Øè¢�XÚ�±k�¦^, �EL/ÏnØ©ÛâU��k��áÆåÆ5Uëê. �´, B�Øè�(Jäk�½�©Ñ5, ØÞº�!/G! �±9áÆ����
/mAÆé¢�(J¬�5���KǱ, I�?1�þÁ�, æ^õ:ÿÁ, ÚO©Û��{âU¼�k¿Â�¢�(J.Ø
¢�ÿÁÃã, ê��[®²¤ǱB�áÆåÆ1ǱïÄ�rkåóä [19-20], ©z [21]éd?1
�[�nã. ��
ó, ïÄB�ºÝáÆåÆ5U�~^�ê��[O��{kµþfåÆ�{[22]!©fåÆ (molecular mechanics)�{ [23]!�AkÛ (Monte Carlo) �{ [24-26] Ú©fÄåÆ (molecular dynamics) �{ [27-29]. l��þù, éáÆ�ïÄ�±ÏLþfåÆ1��n��¤I��(J, �dunØþ�(JÚO�Å]
�¡���, þfåÆ�?n¤Zþ���f�©fNX, Òw�ÃUǱå. ©fåÆ�{/ÏÊH·^�©få|, ïá��fm�*C/$Ä�³UCz�m�'X, �±£ãÄ��f�(�CzAÆ [23]. �´, î�/ù, T�{£ã�´ýé"Ý�©fNX, Ã{�N©f(�/C$Ä¥��«§Ý�A. AOéu¤k�f�



1 3 Ï ¸Ó�� : �$LåÆ5UïÄ?Ð 281ǱL¡�f��$L(�, §ÝCzéÙÔ5�KǱ�~wÍ. �AkÛ�{Ǳ,ÏLÅ�[ù
(Boltzmann)Ïf�Ú\U
£ãØÓ§Ý�²þNX, �E,�^³U�£ã©fNX,Ø¹kÄU�, Ï
ØUý¢Ny©fNX�Ä�CzL§. ©fÄåÆ�{äkÙ¦�{¤vk�A:,Q¹kÄU�, Ǳ�¹©f(�Cz��m¼ê,l
�±½þ/�[ý¢�N¥¤u)�Ä�L§, �\
)�f$Ä�E,Å�,l��þ�«(�$Ä5Æ. �ïÄ�á�mºÝSäk§Ý�A��m�A�(¬L§!)äL§!µþL§Ú	å|¥�/CL§�, ©fÄåÆ�{äkØ�O��`³. 8c, ©fÄåÆ�[�±¢yz�$�ê�·��f�O�5�, ®²¤ǱïÄB�áÆåÆ1Ǳ�kåóä.3nØ©Û�¡, du8cB�ºÝåÆ�nØµeÿ�¤Ù, ÄuëY0�nØ�©Û�{�}Á^5ïÄ�$L!%B�+��B*(��åÆ1Ǳ [30-54]. ëY0�åÆ´���é�õ�Æ�, |^B�(��÷*(��,
�q5, æ^ëY0�åÆnØ?1���[,�±�Ñ©fÄåÆ�{é�mÚ�mºÝ���, ´�«�~k��©ÛÃã. ÄuëY0�nØ�©Û�{�Vküaµ�a´æ^���., X�5ù�.!�5��.�,T�{´ò�$L½%B�+(�^��!\!ù!��!�!����5�E, ���åÆ�AÛëêÏL3�êA�;.C/�¹ed�f�[����A(J5?1[Ü, �ù«�{ØU�y3ÀJ�;.C/�¹±	Ù¦�õ�¹e�[�O(5, 
��U?1�5©Û; ,	�a�{´Äu�f³�ëY0��{, T�{ÏL Born Æò�f��U��uëY0��N�ACU, r�f³O\ëY0����.�¥, X Hwang ïÄ| [44-47,49-54]JÑ�Äu�f³�ëY�nØÚ�5uÐ�ëY�NnØ. �,, duB�ºÝ¤Õk��
A

Ï5�, 3,
�¹e, ·�Ã{��|^yk�ëY0�åÆ�Ä�nØ, ÏdEI?�Ú�õÚuÐëY0�åÆ�nØÚ�{, ¦ÙU
^u�$L!%B�+�åÆ¯K�ïÄ.

3 �$L�åÆ5U
3.1 �$L�Ø²�5Ú­½5'uO��¬N��3, �Æ.���3�Æ.@3 1934c, Peierls[55]ÒJÑO��¬NáÆ3¿§�¸e¬×�©)½
). �â Mermin–

Wagner nØ[56-57], ��Å�åÏ¬¦�§kS���¬NÉ�»�. ,	, �â�5nØ [58-59], ����3k�§Ý (> 0 K)eLyÑØ­½5, cÙ¬u)�­y�. Ïd�Æ[���@Ǳî����¬N(�du9åÆØ­½5
J±Õá­½/�3. ü��$L�¤õ�� [1,60] �¯
Ôn.,¦�Æ[�é “�{��¬N(�Ã{3�ýé"Ýe­½�3” ù�Ä�ØãJÑ
�¦. Novoselov � [1,60] |^Å��l{ (mechanical

cleavage) Äg¤õ¼�
ý�¿Âþ����$L¡, 
��3	.�¸¥­½/�3,Ǳ��NX�¢�ïÄJø
2,��m.,
, �$L3g,G�e´ÄǱ�{�²¡(��Æ�?�Úy¢, ÃõÆöéd?1
ïÄ. Meyer[61-62] Ú Ishigami � [63] ò�$Li\n��m (NX3�.|e½�u SiO2 �.þ),ÏLß�>fw�º*	¿9±ê��[, ïÄL²,�$L¿Ø��²�,�)
¡	åÏ½º,Xã 3(a) ¤«. Fasolino � [64] æ^�AkÛ�[�{ïÄ
�$L�²�Ý¯K, uydu9Þá, �$L¥gu/�3�� 8 nm �Å«G½º, Xã 3(b) ¤«. �)ù
½º��Ï�U�%�f3���$L¥¤?��¸k�½�'X,

Carlsson[65] éd?1
?Ø. �$L¥�%�f3��þevkC��f, %�fN´3{����
ã 3 �$L¥��3�½ºy�[61-64]
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vk¡Eå. �´ù
B�?O�n�½º|©/¦���$L¬N(�­½/�3. ½º��)�%%��R5Ǳ�3k�½�'X. nØþ, %%��Ǳ 0.142 nm, ¢SgdG�e, �$L��¥�%%��0u 0.130∼0.154 nm ©Ù[64].,	, �$L�>.LyÑØ­½5, >.�(�Ú/mé�$L�5�¬�)­�KǱ.

Shenoy�[66] Äuk��©ÛÚ�f�[, ïÄuy, ÉÃ«.Úç¸.�$L�>.þ¬�)ØAå, >.Øå��3¬���$L��>.�)�­y�, Xã 4 ¤«, Ó�uyç¸>�åÏÌÝ�uÉÃ«>�åÏÌÝ. Reddy � [67] ÏL

Uþ��zïÄ�$L²ï���.uy, Ð©ǱÝ/� 4^>3²ï��Ǳ¬u)�­y�. ¸Ó�� [68-69] Äu AIREBO ³¼ê|^©fÄåÆ�{�[
gd��$L�µþ5U, Ǳuy>.¬�)�q��­y�, Ó�uyõ��$L�>.�­§Ý²w'ü��$L��. Gass� [70] æ^×£ß�>ºéÃ| �$L��f¬�?1
¢�*ÿ¿9±ê�©Û, ïÄL²,Ã| �$L�>.¬­|�)ò­y�, /¤�»���B�+. �$L>.�)�­½ò­��Ï�U3u�á��$L>Æ�3�þ�]�, du]���3, ¦��$L>Æ?�Uþ�p, l
�¦Ùu)C/±~�>.?�Uþ.

ã 4 �$L>.�)��­y�[66]

3.2�$L�
¼�þ!rÝ�Ä�åÆ5Uëê�ýÿ�$L�
¼�þ!Ñt'!|.rÝ�Ä�åÆ5Uëê�ýÿ´Cc5�$LåÆ5UïÄ�Ì�SN��. I��Ñ�´, 
¼�þ�åÆ5Uëê´áuëY0�µee�åÆVg, du�$L´dü�%�f�¤,ÙþÝ7Læ^ëY0�b��O�ÙåÆ5Uëêâk¿Â.��8cǱ�,<�ÿ�éd/¤Ú��@£.k
ïÄÆö�dþÝǱ 0.066 nm[37,71], Ñ�uü�%�f��», �õ�ïÄÆö��$¬N��må 0.335 nm[7,72-73]. Ïdæ^ØÓ�þÝ½Â�ª, ���AåÚ
¼�þ�(J´ØÓ�. 3¢�ÿÁ�¡, du�$L���(�, DÚ�÷*áÆÿÁ�{ÚEâéJ¼��$Lk��åÆ5Uëê, �fåB�Øè¢�XÚ��
�õ�A^. Lee � [7] ò�$L�u�k�G(�� Si �.L¡, Äg|^�fåw�ºB�Øè¢�ïÄ
�$L��55�Úä�rÝ, ��ØÞØ\�Ý�¤�\�å�'X­�,Xã 5 ¤«, ¿9±ëY0�åÆ©Û, b��

$LþÝǱ 0.335 nm, ���$L�
¼�þǱ
(1.0±0.1) TPa,n�rÝǱ (130±10) GPa. ,	 Lee� [74] �|^�fåw�ºïÄ
�$L��ÞåÆ1Ǳ. Gómez-Navarro � [75] |^zÆ���z�$L{����
ü��$L, ¿|^�fåw�ºÿÁ
Ù�55U, uy�$Läkép�R>5,b��$L�þÝǱ 1 nm,��Ù
¼�þǱ (0.25±0.15) TPa. Poot�[76] æ^�fåB�Øè¢�ÿÁ
õ��$L��­fÝÚAåA5, ¿ïÄ
���þÝ��6'X.ïÄL², �­fÝÚÜAå���þÝ�O\
O\.

Frank�[77] |^�fåw�ºÿ�Øõu 5 ���$L�k���~ê0u 1∼5 N/m, ÏL[ÜVà�|�É.ù�.���$L�
¼�þǱ
0.5 TPa,�$u�$�¡S
¼�þ 1 TPa.3ê��[�¡, IS	ÆöÌ�æ^1��nlÞO��{!©f(�åÆ�{!�AkÛ�{Ú©fÄåÆ�{ïÄ�$L�åÆ5U,�)�$LÄ�åÆ5Uëê, X
¼�þ!Ñt'!rÝ��ýÿ,±9�$LC/»�Å��ïÄ.

Liu �[78] |^1��nO�ýÿ
�$L�
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¼�þǱ 1.05 TPa,Ñt'Ǳ 0.186,¿��ÉÃ«.Úç¸.�$L�n�rÝ©OǱ 110 GPaÚ 121 GPa. Lier � [79]!Konstantinova � [80] Ú
Faccio�[81] þæ^1��nlÞO�ïÄ
�$L��55U,b��$L�þÝǱ 0.34 nm,���
¼�þ©OǱ 1.11 TPa, 1.24 TPaÚ 0.96 TPa.

Kudin�[82] Ú Sánchez-Portal�[83] Ǳæ^lÞO��{ïÄ
�$L��55U, �£;
½Â�$LþÝ¤�)��É¯K, ¦�^ACUéAC����ê ∂2U
/

∂ε2 5LÆ�$L�k��5fÝ, O����$L� ∂2U
/

∂ε2 ©OǱ 57.3

eV Ú 60 eV, O�(JÄ���.

ã 5 B�ØèÁ�«¿ã±9¤���å– £'X­�[7]

Sakhaee-Pour�[84-86]æ^©f(�åÆ�{,ò©f�.�dǱ�mù(�, ïÄ
�$L��55UÚ�ÄåÆA5, ���$L�
¼�þǱ 0.992∼1.042 TPa, }��þǱ 0.21∼023 TPa.

Meo � [87] æ^Äuk���©fåÆ�{ïÄ
�$L�.�åÆ5U, ���$L�²þ
¼�þǱ 0.945 TPa. Li � [32] Ú Xiao � [88] æ^U?�©f(�åÆ�{ïÄ
�$LÚ%B�+�»�, AOïÄ
"��KǱ. Zakharchenko� [89] Äu LCBOPII �S³æ^�Akâ�{O����$L�ý9
¼�þÚ�§
¼�þ©OǱ (353±4) N/m Ú (355±21) N/m(b��$L�þÝǱ 0.335 nm, ©O�Ǳ 1.054 TPa Ú 1.060

TPa), � Lee �[7] �¢�(J (340±50) N/m ¬Ü�Ð.

Bao � [90] æ^ REBO ³é 1∼5 ���$¡�.�?1
©fÄåÆ�[, ��ü��$L�
¼�þǱ 1.031 TPa. Gupta � [91] Äu?�� Tersoff-Brenner³,æ^©fÄåÆ�{O���
�$L�
¼�þǱ 1.290 TPa, Ñt'Ǳ
0.160. Zhao�[92]©Oæ^��;åP�{ÚÄu
AIREBO ³�©fÄåÆ�{ïÄ
�$Lü¶.��55U�º�ÚÃ5�'5. ©fÄåÆ�[���$L�
¼�þǱ (1.010±0.030) TPa,Ñt'Ǳ 0.21±0.01, ;åP�[���
¼�þǱ 0.910 TPa. ïÄ�uy, ç¸.�$L�ä�ACÚä�rÝ�uÉÃ«.�, �$L�
¼�þ�Xº��~�
~�, 
Ñt'�º��Cz5ÆK��. Bu � [93] |^©fÄåÆ�{

ïÄ
�$L^��åÆ5U, ���$L^��ä�AC�Ǳ 0.303, n�rÝǱ 175 GPa, ïÄ�uy^��°Ýé�$L�
¼�þÚä�rÝk���KǱ. ¸Ó�� [69] Äu Tersoff ³,|^©fÄåÆ�{ïÄ
�$L�.�åÆ5U,���$L�
¼�þǱ 1.031∼1.058 TPa,.�rÝǱ 150∼180 GPa. ,	, �ïÄ
�$L�.�C/»�Å�, uy�$L3.�1Ö��^e, ��>Æ8Æ��Äk=CǱÊÆ��/¤"�, �XACO�"�Oõ, %%�Åìä�, �ª����»�. Xã 6 ¤«. 
¡À� [94]æ^©fÄåÆ�{�[
�$L�B�ØèÁ�,¿?Ø
ØÞ�Ý!ØÞ�»±9>.^��Ï��KǱ, ÿ��$L��5�þǱ 1.053 TPa,rÝǱ 243.6 GPa.

ã 6 �$L.�»���ÛÜ�f�.[69]nØ©Û�¡, �u�Æ��� [95] JÑ

“�$L�Äu�f³���5�NnØ”, æ^�C/���5�NnØ, ��d�f³)Û/�Ñ
�$L�.�fÝÚ�­fÝ, �$L�þÝÚ�5�þǱ�d�f³¼ê��, �§�¿Ø´���½��, 
´�6u\1��ª. d



284 å Æ ? Ð 2011 c 1 41 ò�f³����$L��5��'X´��Ó5�, ��²;���Ó5²�nØØÓ,�$L��C/Û=fÝǱ", d�f³����$L��­fÝ=�6uõN�f³¥�f�YÆ�Ü©, §ØÓu²;�N¥d¥5¡üý./Ø/¤��­fÝ. ,	, TïÄ|[49] ?�ÚuÐ
 “Äu�f³�k�C/�NnØ”, ÏL��ACÜþ�­ÇÜþ5L«C/L§¥�f��±9���m�YÆ, ¿ò�f�U3AÆü�SëYzǱACU, ��SåÚSåÝ�ACÚ­Ç�m��Ç/ª'X. {I��id�ÆcdÈ©� Huang � [96-97] |^�f�[ÚëY0�åÆ�(ÜïÄ
�$L�åÆ5U, uÐ
·^u�$L¡SÚ�­C/���50�åÆnØµe. uHnó�Æ¸r�Ç�K|[30] 3|^ëY0�åÆnØïÄ%B�+åÆ5U��¡Ǳ�
�þ�ïÄó�.d±þïÄ�±uy, �$Läk�~`É�åÆ5U, Ù
¼�þ�Ǳ 1 TPa, �ü9%B�+���, �$L�rÝ�Ǳ 130∼180 GPa, ´8c­.þuy�rÝ�p�áÆ��.,	, 3�AC��S�$L�åÆ5U¿Ør��6uÙÃ5.

3.3 �$LåÆ5U�§Ý�'5ÚACÇ�'5�$L4Ù`É�åÆ5U�%�f�m�zÆ�Ú>f(�kX;��éX, ¡S�Üd
σ ��¤��$L, ¤k%�f�åP3Ó��²¡S, ¦Ùäk�p�rÝ!fÝÚ>5±9

ÕA�C/Å�. ,��¡, �âÚO9åÆnØ, §Ý�p$û½
%�f9�Ä�ì�§Ý.Ïd, §Ý�UC7,¬Úå�$LåÆ1Ǳ�Cz. Ozaki � [98] Ú Ni � [99] ±9 Yakobson� [100] ÏLé%B�+¶�Ø Ú¶�.��ê��[þL², %B�+�åÆ5Ué§Ýk�½��65. Zakharchenko � [89] Äu LCBOPII�S³æ^�AkÛ�{ïÄ
�$L�55UÚ9åÆA5�§Ý�'5, �[(Jw«, 3
0∼2 200 K, �$L�Ñt'�§Ý�,p
~�,��ªCu 0.1. �§Ý$u 900 K�,�$L�}��þÚý9
¼�þ�§Ý�,p
O�, 
pu 900 K �, }��þÚý9
¼�þ�§Ý�,p
~�. ¸Ó�� [101] |^©fÄåÆ�{, ïÄ
ÉÃ«.Úç¸.�$L.�åÆ5U�§Ý�'5. ïÄL², ü«ØÓÃ5�$L�
¼�þ!|.rÝ!.�4�ACþ�§Ý�,p
wÍ~�, Xã 7 ¤«. XÚ§Ý�p, XÚ�oÄUÒ��, l9åÆ*:5w, XÚSÜ�f�9$Ä�-�, ��X§Ý�,p, �f�¹�, �f3Ù²ï ��)�Ä�ÌÝ��.3	1�^e, p§��f�m��páÚå�é~�, �f�N´øl�k�²ï �
�­. ÏLé�$L3ØÓ§Ýe��fC/�.ïÄuy, §Ýé�$L�C/Å�k�½�KǱ.3p§�"�Ø
3>Æ?/¤	, k��¬/¤u��SÜ,?. 
�, 3p§�k�¬kA�"�Ó��3. §Ý�p, E¤"��Å¬�õ, l
��|.rÝÚ.�4�AC~�.

ã 7 �$LåÆ5U�§Ý�Czª³[101]÷*áÆ�rÝ�ACÇ�O�
Jp [102-103], 3B�ºÝeÔ!q�7áB�áÆ�åÆ5UǱLyÑ²w�ACÇ¯a5[104-115],ØÓáÆ�ACÇ¯a5k¤�É. ¸Ó��[116]

|^©fÄåÆ�{�[
ç¸.ÚÉÃ«.�$L3ØÓACÇe�.�åÆ5U, (Juy,�$L�åÆ5ULyÑr��ACÇ�'5.Xã 8 ¤«.
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ã 8 �$LåÆ5U�ACÇ�Czª³[116]�$L�.�åÆ5U�3���.ACÇ,��Ǳ 5×109s−1. 3T�.ACÇ±e, 
¼�þ�ACÇ�O�
~�, 
puT�.ACÇ�, 
¼�þ�ACÇ�O�
O�.�)ù�y���Ïk�?�ÚïÄ.��5ù, B�áÆ��5�þéACÇØé¯a½�ACÇ�Jp
��~� [106-107]. �$L�.�rÝ3�.ACÇ±e�éACÇØ¯a, 
puT�.ACÇ�, �ACÇ�O�
O�, =�3ACÇrz�A,Xã 8(b)¤«. Jp\1�Çk|uJpáÆ�ACMzUå, �ù«�A'§Ý�A�$�õ[117]. Ïd,�ÏLO�\1�Ç, ü$§Ý5JpB�áÆ�.�C/Uå [112-118]. 3ØÓ�ACÇe, �$LäkØÓ�.�»�C/Å�.3$ACÇe, �$L÷Ìä��ä�»�,
3pACÇe, 3>Æ½SÜ/¤
o>/"�q,äk�¬zAÆ, Xã 9 ¤«. /¤�"�qS�%–%�¿���ä�, �$LEUUY«É	1,��rÝJp. lUþÆÝù, ÷ÛÜü��«m�»�¤áÂ�Uþ�, 
pACÇe, �$L�3á�mSE¤õ«��¬z, �±áÂ�õ�Uþ, rÝ²wJp.

ã 9 �$L3pACÇeÑy��¬zAÆ[116]

3.4 �fºÝ"�Ú�,�é�$LåÆ5U�KǱ�{��$L´dü� sp2 %�f|¤�8�·�G��n�(�, ,
, du�Eó²��

�, ¢S��¥A�Ã{¼��{��$L,�$L¥Ø�;�/¹k�«"�[70,119-121],X� "�[122-124](�)ü�f� "�ÚV�f� "��)!Stone-Wales (SW)ÿÀ"�[125-126]!O�f"� [127-130] ÚÙ¦�ÿÀ(�"� [125] �. ,	,�$L¥Ǳ�U�3�«,��f, X��,!'�,!14C Ó �"��. �fºÝ"�Ú�f�,3�½§Ýþ¬KǱ�$L�/m, ¦��$Lu)C/Úåí{Aå, é�$L�
¼�þ!>Ö©Ù!d��^�å!>5U�)­�KǱ [131-134]. k�¢y���,
UC�$L�å>5�Ǳ�±´L�$L3Da!;U!>fì���¡�A^. ,	,ò�$L^uOrEÜáÆ,"���3é�$LÚÄN�m��pEÜ�U¬�)kÃ��^. Ïd, ïÄ�f"�Ú�,é�$LåÆ5U�KǱäk­��nØ¿ÂÚA^d�.

Hashimoto � [119] é�$L¡�¥�3��f"�?1
��¢�*ÿ, ¦�ÏLp©EÇß�>fw�º (HRTEM) ¢�¿(Üê��[Ããé�$L¥�3�;."�9Ù­½5?1
XÚ�ïÄ, (Jw«�f� "� (�)ü�f� "�ÚV�f� "��), O�f"�Ú
SW "�Ǳ�$L¥U­½�3�;.�f"�,Xã 10¤«. éu� "�,�{�$L¥?�%�f�"�¦�C%�f¤Ǳü� �f, 3+9þB�) 3 �%]!�, Xã 10(a). Krashenin-

nikov�[122,135] é%B�+�ïÄ(JL², ù«äk 3 �]!��� "�´�«æ­(�, 3§ÝØpu 1 000 K �U
­½�3, �§Ý�� 2 000 K ½�p�, ¦�uykü�]!�*d¤�, /¤
d��Ê�Ú��%]!�|¤�(�"�, d=¤¢� 5-1DB "�. ,	, ù«(�"�UÄ=C��%B�+�»��ÚÃ5���'. éu�$L, ü�f� "�3~§e



286 å Æ ? Ð 2011 c 1 41 òU­½�3, "�±���f¿vku)(�­|y� [119]. �$L¥� SW ÿÀ"�, Ǳ¡Ê>/ – Ô>/"�, Ǳ�$L¥;.�ÿÀ"��� [126]. ù«"�´du “C ¨ C” �7Ù¥:^= 90◦,�¦ÛÜÑyÊ>/�ÚÔ>/��(�.k�ÿÀ"�Ǳ¬±ü�Ê>/Ú��l>/�/ª�3, ¡Ǳ “5-8-5” "�, Xã 10(b). �$L
¥�O�f"���Ñy3� "�±�, ü$
O�f�6Ä5. ,	, ù«O�f��UǱ%�f, Hashimoto�QÁãò%�f��Ǳc�f,�(J�¢�î­ØÎ [119]. ã 10(c) �Ñ
�$L¥ü«;.�O�f"�, Ù¥�)��O�fÚ��� "�, 3�O�fÚ��V�f� "�.

ã 10 �$L¥�;.�f"�[119]¸Ó�� [136-137] Ì��â©z [119] �ïÄ(J, 3�$L¥Ú\�«a.��f"�,æ^©fÄåÆ�{©Oé¹k� �f"�!O�f"�±9 SW "��ÉÃ«.Úç¸.�$L�.�C/?1
ê��[, ïÄ
ØÓ�fºÝ"�é�$LÄ�åÆ5U�KǱ, ¿ïÄ
"�é�$L»�C/Å��KǱ. ïÄ(JL², �þ��fºÝ"�é�$L�
¼�þÄ�vkKǱ, �"���3ü$
�$L�|.rÝÚ.�AC. ~X, ü�f� "�¦ÉÃ«.�$L�|.rÝeü 8.10%, ¦.�ACü$ 10.95%. "���3é�$L�C/»�Å�Ǳ�)
�½�KǱ. éuvk"���$L, "�Äk/¤u��>Æ?, �ã 6, �N÷�1Ö��¥ 45◦ ��ä�, �´éu¹"���$L,»��ªcÙ´"���) �, �Ã"��$LØÓ. ã 11 �Ñ
¹�f� "��$L3.�1Ö�^em©Ñy"�9ä����f�.,ïÄuy, ÃØÉÃ«.�$L,�´ç¸.�$L, #�"���) �þÑy3ü�f� "�½V�f� "�NC."�Ñy�, NC�%%��kä�, 3.�1ÖUY�^e, %%�Åìä�, /¤ä��»�. éu¹ SW ÿÀ"�ÚO�f"���$L�.�»�, Ǳuy
�q�(Ø. Jiang � [138] æ^©fÄåÆ�{ÏL�[�$L�9�ÄïÄ
 14C Ó ��,é�$L
¼�þ�KǱ. ïÄuy, 3�$L 12C XÚ¥, �\ 5% ±S�14C Ó �Ä�ØKǱ�$L

�
¼�þ, ,
UYO\14C � 20% �, �$L�
¼�þ¬ü$ 15% �m.

ã 11 ¹� "��$L#"��) �9ä���ÛÜ�f�.[136-137]�$L�õUzÚ�3��fºÝ"� (X
SW "�!� "��) þ¬¦²���$LCǱ��Û­,?
KǱ�$L�>Æ!åÆ���¡�5U [139-142]. Schniepp � [140-141] ÏL�fåw�º&ÿïÄ
¹"�ÚõUz��ü��$L��­A5, Xã 12 ¤«, ïÄ(Jw«, "�½(Uì��3¬���$Ld²�gu/=CǱºò, Xã 12(a) ¤«. ÏL¢�¿(Ü�Ý�¼nØO�uy, �$L�N´3ºò?u)òå�­, ²õg5£òUuy, òU?þu)3Ó� �, Xã 12(b).�$L�>.(�½>.zÆ?»Ǳ¬é�$LåÆ5U�)KǱ. Reddy �[143] ©OéÉÃ«.Úç¸.�$L�E
Ê>/–8>/"�>., Ê>/–Ô>/"�>.±9�z>., Äu AIREBO ³¼ê, �[
>.(�é�$L�



1 3 Ï ¸Ó�� : �$LåÆ5UïÄ?Ð 287�55U�KǱ. ïÄL², ��$L¡��°Ý�u 10 nm �, �$L�k��5�þr��6uÙ>.(�Ú¡�°Ý. �X¡�°Ý�O\,ù«>.(��AÅì��, k��5�þ�C �~ê, =Ǳ�$LáÆN�5�þ,O�(JǱ
1 874.029∼1 917.218 eV/nm2(b��$L�þÝǱ
0.335 nm, �Ǳ 0.896∼0.917 TPa),�Ù¦k'¢�Ú�[(J�'�� �.

ã 12 |^�fåw�ºïÄ�$L��­A5[141]

3.5 �$L3B�OrEÜáÆÚ�B>fì��+��A^�$Läk`É�åÆ!9ÆÚ>Æ5U,k"3p5UB>fì�!EÜáÆ!|u�áÆ!íNDaì!Uþ�;�¯õ+�¼�2�A^,��©Ì�µãk'�$LåÆ5U�¡�A^.�$Lg�äk4Ù`��åÆ5UÚÔn5U, 
��$Läké��'L¡È,ÙrÝ�pu%n�, 
3²L5�¡�Ðu%B�+,Ïd,�$LǱ��8�p�>!�99åÆ5U��«`�5Uu�N�#.õUEÜáÆJø
�«n��B�WÆ. ïÄL²[10-11,144-151], 3àÜÔ¥\\�þ��$L, BUk�/OràÜÔ�åÆ5U, ¿UD�EÜáÆ#�õU. Ra-

manathan � [10] òL¡¹kàÄ!áÄ�zÆÄì�(Uz�$L (FGS) \\��
45p©f¥,Xà`ÄZL�`| (PMMA)�,��Ñ
�$L/à`ÄZL�`|�B�EÜáÆ. ïÄL², \\�þ�(Uz�$L�k�Jpà`ÄZL�`|�9ÆÚåÆ5U,X\\ 1%­þ��$L�¦�5�þJp 80%, ¦4�rÝJp
20%, ÙOr�J'ü9%B�+ (SWNTs) Ú)z�$ (EG)Ñ�Ð,Xã 13(a)¤«. ÏLé'B�EÜáÆ�ä�/muy, �.Ñ�)z�$WÆ±��'À²�, 
�$LWÆ±��áN�àÜÔþþ�K, Xã 13(b)Ú 13(c)¤«,L²�$L�àÜÔ�m�3�r��p�^, 
)z�$�àÜÔ�m��p�^�f.

ã 13 �$L/à`ÄZL�`|B�EÜáÆ9Æ!åÆ5U�Jp9Ùä�/m[10]

Das � [146] |^B�ØèEâïÄ
dA��$LOr�à`ÄZL�`| (PMMA)Úà¯LU (PVA) B�EÜáÆ�åÆ5U, ïÄuy,\\ 0.6% ­þ��$L���Jpà`ÄZL�`|Úà¯LU��5�þÚMÝ. Fang�[144]

��
(Uz�$L/à�¯L (PS) B�EÜáÆ, \\ 0.9% ­þ��$L¦.�rÝÚ
¼�þ©OJp 70% Ú 57%. Liang � [147] ò�z�$Lþ!©Ñuà¯LU¥,ïÄuy,\\ 0.7%­þ��z�$L�¦à¯LU�.�rÝÚ




288 å Æ ? Ð 2011 c 1 41 ò¼�þ©OJp 76% Ú 62%. Xu � [148] �ïÄ(Jw«,\\ 3%­þ��z�$L�¦à¯LU�.�rÝÚ
¼�þ©OJp 70% Ú 128%.

Zhao �[149] �ïÄ(Jw«, \\ 1.8% NÈ��z�$L�¦à¯LU�.�rÝJp 150%, ¦
¼�þJpC 10 �. Rafiee �[150-151] é'ïÄ
�$L!ü9%B�+!õ9%B�+ÚB�Åè�é��ä��Or�J,ïÄuy, �$L�Or�J�Ð, \\ 0.1% ­þ��$LU�ÌÝJp��ä��
¼�þ!.�rÝ!ä�>5Ú|�N5U�.�$Läk')z�$ÚB�Åè�Ð�ü�©Ñ(�, ÏLL¡(Uz/¤���zÆ"�, ~XL¡àÄ!ãÄ!��Ä�, \\�àÜÔ�ÄNáÆ¥�k�UõÄNáÆ�åÆ5U,ÙOrÅnÌ��ûu±eA��¡. Äk, àÄ�(UìÚ���z�$L§¥/¤�"�þ¬¦�$LCǱº½�/�, ù
B�?O�L¡Ø²�5�Or�$L�àÜÔó�m��p�^. Ùg, (Uz�$LL¡¹k�àÄ!áÄ�zÆÄì, ��45p©fXà`ÄZL�`|¥�ãÄ/¤�r���.��, �$Läké��'L¡È, \þ�$L�©f?©Ñ,��àÜÔ�m/¤�r�.¡�^, wÍUõ
.¡�1ÖD4, l
���Ð�Or�J.Ø
|^�$L�p
¼�þ!prÝ�`ÉåÆ5UuÐOr�EÜáÆ	, �$L�äk$|�fÝ, \þg�����>5Úß²5,�$L3R5�B>fì�+�ǱLyÑã��A^då. Patra � [152] æ^ØÓ/G��$LgÄ�K�%, �ò����¤õUz�B�ì�.�´, TL§´�g5Ø���. ¥I�Æ�åÆïÄ¤ëæ�ïÄ| [153] Ägæ^©fÄåÆ�[¢y
�K|JÑ� “>�5f[”(electro-

elasto-capillarity, EEC) y�, æ^>|5���$L�K�%�XÚ, |^c°�3>d�¥AÏ�Ñ$5�,¦��$Lõg!��/�K½ö)�K�%, Xã 14 ¤«. TïÄó�Ø=´L
<�éud�!>d��@£,
�Ð«
�$L3�BºÝ�ÔÑ$!MEMS ì�ö��+�d3�A^cµ.,	, ïÄuy [154-155], �$L´��R5ß²>4�n�áÆ, k"��]
"y!"yR>5��z�â (indium tin oxide, ITO). �ln

ã 14 “>�5f[” y��ÄåÆL§[153]ó�ÆxfêïÄ| [155] ¤õ��
p�>ÇÚpß1Ç��$LEÜáÆß²>4, 3þZg��­ÿÁ¥, >4w«
4Ð�­½5,�>5vk²wü$, ¦^T>4���kÅu1�4+3u1�JþǱ'Äu ITO >4�ì�pÑ 2�. d	, {IxG��Æ Bunch �[156] |^=k���fþ��$L�EÑ
­.þ���í¥,ù�d�$LµC�¤¢�n$�ØU'ß����í©f (�)±) LyÑér��¦5U. T�Eâ�A^���)Daì!È1¡±9�f?�áÆ¤��.o�, �$L�@Ǳ´8cnÜ5U�Ð��«B�áÆ, ��Ǳ#��ÔÑáÆ. XJ�±¿©/|^�$L�þÝ�!ÿÀ{ü!
¼�þp!|�fÝ$�åÆA5,�±?�ÚÿÐ�$L�A^+�.

4 ( �gl 2004cS�� ·X0�uy�$L±5,'u�$L�ïÄØä��â»5?Ð, ¿©Ð«
�$L3nØïÄÚ¢SA^+��ã�dåÚuÐcµ. �©Ì�0�
Cc5IS	3�$LåÆ5U�¢�ÿþ!nØO��ïÄ�¡�c÷?Ð. �$Läk�~`É�åÆ5U,AO´ù«��B�(�¤�k�pfÝÚprÝ. ,
, �ÔnzÆ5�ïÄ�', 'u�$L�åÆïÄE,?uå©�ã, �$LÚ�$L(�¥¤%¹�åÆ�Æ¯KEI�?�Ú�÷,NõåÆy�ÚÛÉåÆ1ǱEI�����g�nØ)º. ·�@Ǳ, 'u�$L�åÆïÄ3±e�¡EÏ��õ�â». (1) �$L.�!Ø !}��Ä�åÆ1Ǳ�¢�ÿÁ9Ù�'Å�; (2) �$L3å>^9�õÔn|^�e�E,åÆ1Ǳ9�'Å�; (3) õ��$L�åÆ1
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8c±�$LOr�EÜáÆ����ýÏ5U, XÛk���.¡�AåD4�Ç
Or.¡«��åÆ5U?
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Abstract Graphene has attracted great interest in the fields of materials science and condensed-matter

physics due to its unique 2D crystal structure and its exceptionally high crystal and electronic quality. In fact,

this strictly 2D carbon material also exhibits exceptional mechanical properties-including high strength, high

stiffness and structural perfection-which could be comparable to that of carbon nanotubes. Recently much

effort has been dedicated to the understanding of mechanical behaviors and properties of graphene. However,

predicting the mechanical properties of graphene, especially by experimental methods, is still a tough challenge

because of its special and tiny structures. In this paper, we critically review recent advances in the study

on mechanical properties of graphene from experimental investigation, numerical simulation and theoretical

analysis, respectively. We focus on the following six aspects: (1) the experimental techniques and computa-

tional approaches most often used for studying the mechanical properties of graphene, (2) the roughness and

intrinsic ripples in graphene, (3) the exploration of mechanical properties such as Young’s modulus, tensile and

compressive strengths and bending characteristics, (4) size, temperature and strain-rate dependent mechani-

cal behavior of graphene under tension, (5) effect of atom-scale defects and doped atoms on the mechanical

behavior of graphene, and (6) the application of graphene to nanocomposites and micro/nano electrical de-

vices. Perspective is finally given for future development of mechanics analysis of graphene and graphene-based

nanostructures.
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