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1 Ú ó

�$äk�G(�, �m�^éf, �éwÄ
�äké���Þ9��, ´�«�~���N
dwJ. �$Ldü�½A��$|¤, äkûÐ
�9�!>�±9åÆ5U. 8có�þÏLÔn
9zÆ�{®²¢y
�$L�1þ)�, �±Ï
��$L3#U±9#á�+�7ò��2�
A^. 3�$L�A^L§¥, �Þ1�´K�Ù
5U����Ï�, ÏdïÄ�$L��Þ5�
äk��y¢¿Â.

�Þ´)�)¹¥~���«y�, ��¡�
Þ¬L¤U!��Åì; ,��¡, �Þ3)¹
¥qØ�½", lm�Þ<�ò�ÚJ1. Ïdk
7�@£��ºÝe��Þy�¤LyÑ�Ôn
5Æ, lÜn/���Þ. �´�Ï±5, <�é
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÷*�Þ��*Å�
)é�. ���fåw�
º [1]!�Þåw�º [2] ��*&ÿóä�Ñy,
<aéu�Þ�@£âÅÚ�\�
©f!�f
�g, �A/�)
B��ÞÆù�#,Æ�. 8
c, �Þå!�fåw�º®²¤õA^u7f�

±9�$�á��L¡�ÞïÄ, �<�n)�f
ºÝe��ÞJø
��ã� [3]. �X¢�éu�
Þ@£�Øä�\, B��Þ�nØïÄ���

é��?Ð, Ù¥B��Þ���f�.��
Ê
H@� [4,5]. äN�{þ, ²��©fÄåÆ�{´
ïÄ�fºÝeB��Þ��«~^�{, �ù«
�{�6u²�³. �éu²��©fÄåÆ�{,
1�5�n�{O���O(. Äu��f�.g
�, ©z [6—8] ÏLr��f�m�µþUþCq
�u.¡wÄL§¥��Ú��³U�m³^�
Cq, A^1�5�n�{ïÄ
�fºÝ��Þ,
��
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�{éu�Þ�ïÄ�ék�, =ïÄ
�êA�
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A^þfzÆlÞ��{ (HF) 3 3—21 G Ú 6—
31 G∗ �Ä|Y²þÄ
ØÓ���¡G�$L�
m�Þ5�; Matsuzawa Ú Kishii[16] A^þfzÆ
lÞ��{ (MP2) 3 6—31 G∗ Ú 6—311 G∗ �Ä
|Y²þO�
�©f3¡G�$LþwÄ��
Þ5�. þãïÄ¥, ²�!�²��{�6u²
�ëê, þfzÆlÞ��{é�$L�¡ãz
?n�Ñ
�$L�±Ï5, ØUNy±Ï5é�
Þ�K�. Äu±þ©Û, �©$^Äu�Ý�¼
nØ�1�5�nO��{, ïÄ±Ï5�é¡±
9�é¡5�$L�m�Þ5�, &?�Øå±9
wÄ����ÞÏê�m�'X.

2 O��.�O��{

2.1 OOO������...

�$Ldü�½é�A��$�¤, �$L�
mB��Þ5�Ì��ûuV��$L÷wÄ´

»ØÓ �?�³U�O. O�¤��V��$L
�.±9wÄ´»Xã 1 ¤«. ã 1(a) L«wÄ
�å© �, Ù¥fÚ�f�þ� C �f, �Ú�
f�e� C �f. 3å© �, þ� C �fþ?
ue� C �f�ºÜ, �Lã�B, ½ÂwÄ�å
© ��U . ã¥J��ÞL«ü^wÄ´».
ã 1(b) �U ��ýÀã. ã 1(c) �´».�" 
�, d�þ�z�� C �fþ?ue�ü� C �f
¥m, ½Âd ��x . ã 1(d) �´»/�" 
�, d�þeü��$Lþk�ê C �f©O u
�é��%�¥%, ½Â�� . éu.´», lU
 �x ÷wÄ´»þ!� 6 � �, �� �m
ål� 0.244 Å. éu/´», lU �� �þ!
� 6 � �, du/´»wÄ±Ï��, �� �
mål� 0.282 Å. éuwÄ´»þ�z�À� 
�, O�Ñü��$LØÓ�mpÝéA�áNU,
�ªd©z [6] ��{��÷ØÓwÄ´»��Þ
Ïê.

ã 1 �Þæ^�O��.9wÄ´» (a) V��$L�Þå© ��:Àã, ½Â�U , ü^J��ÞL«ü^�éwÄ
´»; (b) å© ��ýÀã, �Ú¥�Le� C �f, fÚ¥�Lþ� C �f; (c) .´»�" �, ½Â�x ; (d) /´»�
" �, ½Â�� 

2.2 OOO������{{{

�©æ^±�Ý�¼nØ [17,18] ²¡Å�³�
{�Ä:� VASP ^�� [19] ?1O�. éu�$,
�m�^� van der Waals f�p�^. �, VASP
¥��³£ã van der Waals �p�^'�(J, �
©zL²Û��ÝCq (LDA)[20] U
éÐ/£ã
�$�mål±9�m�p�^ [21,22]. ,	�k
ïÄ�Ñ: �ü��$�må�uÙ�A²ïål

� 1.15 ��, van der Waals �^�±�Ñ [23]. �©
ïÄ�´Øå�^e��$L�m�Þ5�, �Ä
�Øå�^e�$L�mål�uÙ²ïål, Ï
dÃL�Ä van der Waals �p�^�?�. O�¥
À� LDA £ã>f - >fm���'é�^, æ
^�^�³ (USPP)[24] £ãlf¢�d>f�m
��p�^. ²¡ÅÐm��äU�� 220 eV. �
�m¥ Brillouin «� k :d Monkhorst-Pack �{
�) [25], éué¡5�$L, Brillouin « k :��
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� 21×21×1, é±þ¤Àëê?1
ÿÁ, �y

O��°Ý. é¡5�$Læ^ 1×1 ����, ý
��þÝ�� 20 Å (1 Å = 0.1 nm).

3 (J�?Ø

3.1 ���$$$LLL���mmm���ppp���^̂̂

O�����$L�S C—C ��� 1.42 Å,
�nØO�9¢���� [20,26]. �©Ì��Ä�
f�m>f�^Úå��Þå��, Ø�Ä¬��
Ä(f�ÞÜ©. �$L�m�p�^Ì�^áN
U5L«, áNUO��{X:

Eab = Etotal − 2Egraphene, (1)

ª¥ Eab �áNU, Etotal �NXoUþ, Egraphene

´�á�ü��$L�Uþ. 3z^�Þ´»� 6
�À� �?, ÷�$LL¡{���, ± 0.05 Å�
Ú�m�, òü��$L��mål 3.65 Å ÅÚØ
 � 1.4 Å, ·�O�Ø L§¥z��Ú: �
�áNU, Xã 2 ¤«. ã 2 ¥ 1—6 L«wÄ´»
þÀJ� 6 � �. ïÄuy: l 3.65 Åm©Ø ,
áNUÅì~�, 3 3.5 Å NC�����, d��
$L�máÚå��, ù�ål=´ü��$Lm
�²ïål; �XØ , ÚåÅì~�, ½åÅìO
�, �áNU�� 0 eV  ��, ÚåÚ½å²ï; U
YØ , ½åm©åÌ��^¿���må~�×
�O\, ù��ãü��$Läkü½�^.

dã 2 ¥�ã��, wÄ´»þØÓ �?ü
��$L�m�áNU����måCzÑy

���=:, Øåé��, �$L���Ø , lU
 �x  (� ), 3�Ó�Ø åle, áNUÅ
ì~�, =U �?�måØN´Ø . 3 1.8 Å
NC, áNU�u)�=, U �?ü��$L
�m�áNUd��ÅìC���, x  (� )
Kd��C���, =3���Ø þe, x  (�
 ) �éuU Ø´Ø . áNU��=�ØÓØ
åeü��$L�f�m��p�^k', ål�
��, U �?�$L�müéº�f��C��
f, x  (� ) �?�$L�m�C��fål
�uU �?üéº�fmål, ÏdU �?ü
��$L�m�p�^��, '�JØ . ��m
åØ ��=ål±�, �,x  (� ) ��C�
�fålE'��, �´k�p�^��C��f
ê8x  (� ) �õuU , oNþx  (� ) ?

��p�^m©ruU , ÏdÑy
áNU��
=, áNU���=`²ØÓ �?�$L�m
��p�^'X�XØå�CzCz.

ã 2 wÄ´»þØÓ �?�áNU��målCz, �ã
L«�=:NC�¹ 1—6 �LwÄ´»þþ!À�� 6 �
 �, Ù¥ 1 Ú�Lå© �U , 6 �LwÄ´»�" �x
  (� ); (a) L«´».; (b) L«´»/

ÏLáNUé�må��©�±¦ÑØÓ�
måéA��Øå

fN = −∂Eab (z)/∂z, (2)

ª¥ fN L«�Øå, O��Þ��Øå��\
Ò´ÏLØ �$L�m��må��¢y�.
d (2) ª¦Ñü��$L÷ü^´»3ØÓØåe
ØÓ �?��mål, Xã 3 ¤«. �
U
�
�/w«��±ÏS��$L�m�éwÄ�O
�(J, ã 3 Úã 4 þ´�âé¡5Ö¿
,	�
�±Ï��ã/.

dã 3 ��, Ø�\�Øå (0 nN) �, U ?
ü��$L�mål��, x  (� ) ?�må�
�. ùdØÓ �?�$L�m�fü½åØÓ¤
�. 3U ?, þeü� C �fl��C, ü½å�,
� � C �fl���, ü½å�. �XØåO
�, ü��$L�måÅì~�, 1—5 nN Øå��
�, �måCzª³Ú²ïáN (0 nN) �ª³�Ó,
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�ØåÅìO�� 6 nN �, U Úx  (� ) Ø
 J´Ýu)
�=, x  (� ) ��må'U 
��må�JØ , u)�=��ÏÚáNUu)
�=��Ï�Ó.

ã 3 ØÓØåeV��$L÷wÄ´»ØÓ �?��må
0 nN L«²ïáN �; (a) L«÷´».; (b) L«÷´»/

3.2 VVV������$$$LLL���mmm������ÞÞÞyyy���

�â©z [6] ��{, d (3) ª�±¦ÑwÄ´
»þØÓ �?�³U

V (x, fN) = Eab (x, z (x, fN))

+fNz (x, fN) − V0 (x, fN) , (3)

ª¥ V (x, fN) �wÄ´»þØÓ �?ØÓØå
e��é³U, Eab (x, z (x, fN)) L«÷wÄ´»
ØÓ �?�Øå�^e�áNU, fNz (x, fN) L
«ØÓ �?�ØåØ �$L¤��õ, ª¥�
���´��wÄ´»þ���³U, ~�ù��
´�
¦ÑwÄ´»þ� ���é³U. (3) ª
L²wÄ´»,�:�³U�Úd: �±9�
Øåk'. d�:³U�Ñ
 1—9 nN �³U�
'X, Xã 4 ¤«.

dã 4 ��, ü^wÄ´»�³U��~�
C. �Nª³5w, lU �x  (� ), ³U¥y
ÑÅìeü�ª³, x  (� ) �³U��. �X
Øå�O�, ü��$LÅì�C, �p�^Cr,
³U�O�ÅìO�. ù�ØÓØåe�fm��
^���'. Ó�uy 6 nN �U ��³U�Ù
�� �³U���'Xu)UC, =3 6 nN �
c, U �³U'�� �³U�,  6 nN ��,
U �³U'�� �³U�, ù�áNU��=
k'.

ã 4 Ø Ó Ø å e w Ä ´ » þ � �   � � � é ³ U  �
(a) L«´».; (b) L«´»/

ã 5 ØÓØåe��ÞÏê

XÚ3�éwÄL§¥7L��Ñ.¡�m
�³^, d��f�.��, ³^3ê�þ�u�
Ñ�Þå¤��õ. �Þå�±ÏL (4) ª¦Ñ:

ff (x, fN) = ∂V (x, fN)/∂x, (4)

ª¥ ff (x, fN) L«�Øå�^ewÄ´»þ, 
���Þå. �Øå�^e��wÄ´»���³
^�

∆Vmax (fN) = Vmax (fN) − Vmin (fN) , (5)

ª¥ Vmax (fN) �wÄ´»þ��³U, Vmin (fN)
�wÄ´»þ��³U, K ∆Vmax ´ü��$L
u)�éwÄ�7L��Ñ�³^. 3wÄL§¥
�Ñ�Þå�õ�

∆Ef = 〈ff〉∆x = ∆Vmax, (6)

ª¥ ∆Ef ��Ñ�Þå¤��õ, 〈ff〉 �²þ�Þ
å, ∆x �wÄ´»þ��³U ����³U 
�m�ål. ��d²þ�Þå¦Ñ�Øå�^e
�²þ�ÞÏê

µ =
〈ff〉
fN

=
∆Vmax

fN∆x
, (7)
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�â (7) ªO�Ñ÷ü^´»ØÓØåe��ÞÏ
ê, Xã 5 ¤«.

dã 5 ��, ��ïÄØå��S�$L�
m�ÞÏê3 0.05—0.25 �m. ¢�þÿ���
$L�ÞÏê¿Ø´��(½�, Ï��ÞÏê
�L¡(�!L¡�o÷§Ý±9L¡¤?�¸
þk'X, �«¢�ÿ���$L��ÞÏê�
�3 0.006—0.45 �m [27−29]. ²�©fÄåÆO
��(J� 0.15[30] Ú 0.1[31], þfzÆlÞ��
{O��(J� 0.05—0.16[15]. O��¡�·�
�.��C�´©z [15], T©zA^ HF 3 3—
21 G Ú 6—31 G∗ �Ä|Y²þïÄ
±��ð
z�¡G�$L�m�B��Þ. ©z [15] �Ñ:
3��Øåe, �X�$L¡ãO�, �$L�
m�ÞÏêÅì~�. ©z [15] ïÄ���¡
ã� C150H30/C96H24, �^uT¡ã��Øå�
�� 120—200 nN (²þz��fÉØå�� 1—
2 nN), T©z�Ñd¡ã3 120 nN �Øåe��
ÞÏê� 0.06, 200 nN �Øåe��ÞÏê� 0.05.
�©O��±Ï5�$L (�±w��$L¡ãª
uÃ¡���/) 3 2 nN �Øå (²þz��f
ÉØå� 1 nN) e�ÞÏê�� 0.05, 4 nN �Ø
å (²þz��fÉØå� 2 nN) e�ÞÏê�
� 0.1. é'��: 3 1 nN ��Øåe, �©�O
�(J�©z [15] �O�(J��, 3 2 nN ��
Øåe�©z [15] �O�(J����. ù8Ïu
¡G�$L3ØÓØåe>.�A��O, =Øå
���, �$L�må�, >.�AØwÍ; Øå�
��, �$L�må��, >.�AwÍ. dã 5 �
±uy�$L�m�ÞÏê��ØåCz��
±y©�nã: 3 1—2 nN ��Øåe, �ÞÏê
��ØåO\CzØ²w, �Ì Amonton {K [32];
3 3—6 nN �ã, �ÞÏê��ØåO��5O\;
ØåUYO\�� 6—9 nN ��Øå�, �ÞÏê
��ØåO\ªu²�, ù��ã��Ì Amonton
{K. lO�¤��÷wÄ��³UCz�wÑ,
3��Ú��Øå��, ³U÷£Ä��¥yCq
�5Cz, ØåO\, ���Ç (�Þå) �O\,
��Ç��Øå�'��±ØC, �=�ÞÏf�
±ØC. 3¥mØå��, 3,�Øåe³U÷
wÄ���CzØ2´�5�, ØÓØåe�Þå
��Øå�'� (�ÞÏf) �Ø2�±ØC. l
ã 5 ��±uyü^�A���Ü, `²÷ü
^wÄ´», �$L�m�ÞÏêÓ5. ù�ã 4

¤«�³U���, ã 4(b) �³^puã 4(a),
�ã 4(b) ´»��, d (7) ª��, ü^´»��Þ
ÏêAT�C. o�, �$L�m�ÞÏê�6u
�Øå, ���Ó5. �´, �©�éé¡5�$L
�m�Þ�O�, �ØU
é¢�þÿ�� 0.01 ±
e��ÞÏê�Ñ)º.

ã 6 � é ¡ 5 � $ L � m � � Þ ( � � ., Ù � � �
� (4

√
3 × 4

√
3)/(7 × 7) çÚ�fL«e� C �f, fÚ

�fL«þ� C �f, J��ÞL«wÄ��

ã 7 V � � é ¡ 5 � $ L � m � ³ U  � 9 � Þ Ï ê
(a) wÄ´»þØÓØåe�³U�; (b) ØÓØåe��
ÞÏê

3.3 ���ééé¡¡¡���$$$LLL���mmm������ÞÞÞyyy���

¢�ïÄuy, �é¡��éwÄ.¡, �Þ
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Ïê��ü$ [33,34], �²��{é�é¡5�$
L�m�Þ5��ïÄ��Ñ: �é¡5U
wÍ
ü$NX��ÞÏê [13]. �e5F"ÏLé�é
¡5�$L�mB��Þ�O�, )º¢�þuy
��$�ÞÏê. 3�5é¡�V��$L�.
�Ä:þ, 4þ��$L^��^= 30◦ =��Ü
©�O��., ���Xã 6 ¤«, §´þ��$
L (4

√
3 × 4

√
3) L¡����3e��$L (7×7)

��þ�¤����, Ù��Ýé�, �� 1%, þ
��$L����>�.�
� 0.17 Å. ����
þÝ� 25 Å, Ù¥ý���� 20 Å. ã 6 ¥J�
�Þ��$L�m�éwÄ´». éu�é¡5
�$L�m�Þ�O�, duÀ�������,
Brillouin « k :��� Γ :.

æ^O�é¡5�$L�ÞÏê�O��{,
Ó��±é�é¡5�$L�mB��Þ?1O
�. O�À���Øå��� 50—400 nN (z��
f²þÉå���� 0.5—4 nN). ÷�$LwÄ�
�, O���ØÓØåe�³U�Xã 7(a) ¤«,
wÄ´»þ���³^�� 4 eV, �²þ�z� C
�f=� 0.04 eV, é¡5XÚwÄ´»þz� C
�f���²þ³^�� 0.8 eV, �é¡5�$L
���³^=�é¡5�$L��³^� 1/20, d
d���é¡5��ü$
NX�wÄ³^. ÏL
³U�¦Ñ�ÞÏê, Xã 7(b) ¤«, uyØÓ
�Øåe��ÞÏêÄ��Ó, 3 0.006 þeÅÄ,
ù��ÞÏêØ�ØåCz�5Æ�Ì Amonton

{K. ���é¡5�±��~��$L��m�
ÞÏê, ù�¢���. édy��Ñ{ü�)º:
dã 6 ��, ÷wÄ´»�ØÓ �, ¤k�fØ
2�N/?uU ½� , z� ��U Ú� 
�êþ����, Ïd3wÄ´»þ, ØÓ ��
³U�O�!², NXLyÑ�$��ÞÏê. �
é¡54�ü$
�$L��m�ÞÏê, `²�
±ÏL^=!�,±9�E"�5ü$NX�é
¡5, l~�NX��Þ.

4 ( Ø

�©Äu�Ý�¼nØ�1�5�nO��
{, O�
±Ï5V��$L�m�wÄ�Þ5
�, ���¢�±9Ù¦nØO�����(J.
'u�ÞÏê�wÄ´»�m'X�ïÄL², V
��$L�m�Þ��Ó5. 'u�ÞÏê��
Øå�m'X�ïÄL², �ÞÏê�6u	\�
Øå, é¡�V��$L�m�ÞÏê��ØåO
��±©�n��ã, 3��±9��Øå�, �
Ì Amonton {K, �ÞÏêØ�ØåUC; 3¥
m� 3—6 nN �ã, �ÞÏê�ØåO��5O\.
é�é¡5�$L�m�Þ5��ïÄuy: �é
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[6] Zhong W, Tománek D 1990 Phys. Rev. Lett. 64 3054
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Abstract

Using the first-principles calculations within the density functional theory, we study the nanofriction between two graphene

layers. The result shows that the friction of the graphene is isotropic, and the relationship between the load and the friction factor can

be divided into three phases. For the smaller and larger loads, the friction factor does not increase as the load increases, which follows

the Amonton’s law; for the middle phase, with the increase of the load, the friction factor increases linearly. However, the nanofriction

characteristics between the two incommensurate graphenes show that the incommensurate structure can reduce the friction factor

between graphenes greatly, which is in agreement with experimental result. These studies provide a fundamental understanding about

the nanofriction phenomenon between the graphene layers.
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