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�©A^�5�©fÄåÆ�{, �[
ü«äkØÓo÷/m�!f5¥/&Þ��5²¡ÄN�m�B
�ºÝ�>, O�
&Þ�ÄN�m�.låÚÅXõ, ïÄ
�>L§¥.¡ÅXå�1Ö�Cz5Æ, ©Û

�>.¡�f�{�Aå©Ù. ïÄuy, �f?1w�>�ÅXå�X1Ö�O�
�5O�, 
�f?o÷�
>�ÅXå – 1Ö­�©�±ØÓ�ÇO��ü��ã. �'u�f?1w&Þ, �f?o÷&Þ�ÄN�mäk
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���ÅXå. Ïd, .låÚÅXõØUL�ÑB��>L§¥
�fáÚ�^é.¡{�å��z��.

'�c: B��>, ÅXå, .lå, �f?o÷/m

PACS: 68.35.Np, 46.55.+d

1 Ú ó

du�/Bì��FÃ�.z, ��'L¡È�
O�, L¡máÚ�^®¤�û½�/Bì�5UÚ
Æ·�­�Ï�. e=�u�Ä��uå���á
Ú�^, ®²uÐÑ÷*ÔN�m��uUþÚå
�ålCz�O�úª [1]. Ù¥, ¥N�²¡�m
���uUþÚåO�úª©O� W (D) = −AR

6D

Ú F (D) = − AR

6D2
, ùpA� Hamaker ~ê, R�¥

N�», D�üö�m�ål. Äuù
�é1wL
¡�UþÚåL�ª, <�ïÄ
o÷L¡�m�
��uáÚ�^. ~X, Delrio � [2] æ^
Á�Ú
nØO��(Ü��{éý¢/mo÷L¡?1

ïÄ.

.låÚÅXõ~^uL��>L¡�ÅX
A5 [3,4]. éu=d��u�^��L¡ÅX��
/, .låÚÅXõ=´þã��uO�úª3,
�ålD0 e�¼ê�, D0 ´fÐu)�>�ü�
L¡�m�ål [5]. ��uO�úª�·^u�>
Nvku)C/��/, �Ò´L¡mål�uD0

��/. �L¡�m�ål�uD0 �, ~X3�\
�X��1Ö��>L§¥, ù��>Nòu)C
/, ��uO�úªòØ2·u£ãÙL¡áÚå
�Cz5Æ.

'u¥N�²¡�m��5ÅX�>1�ï
Ä, ®²k JKR, DMT, Maugis-Dugdale (M-D)[6−8]

�ÄuëYåÆ��>�., §�Ñ´ÏLÅXõ
5£ãL¡áÚ�^�K�. Ù¥, JKR í�Ñ

wª��>�»�1Ö�O�úª. 3�ê/ªþ,

ù�O�úª´3 Hertz �.�Ä:þ, V\
�
�ÅX?��, = 3πWR+

√
6πWRP + (3πWR)2,

ùp P ´1Ö, W �ÅXõ, R �¥N�». �´,

vkïÄ?ØL§���>.¡ÅXå�'X. ¢
Sþ, 3ù
ëYåÆ�>�.�ïÄ¥, ¿vk
'%�>L§¥ÅXå�1Ö�Cz5Æ. ,	,

3©fÄåÆ�[ïÄ�¡, ¦+®²k
�þ�
'uB��>1���ÞÅn�©z [9−12], �ÿ
vkw��é�>L§¥ÅXA5�ïÄ. ùp�
��EâJ:´, I�ò�f³¼êL«��pÕ
á�ü�: ü½å�ÚáÚå� [12,13].
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¥/&Þ��5²¡ÄN�m�B�ºÝ�>, ï
Ä
�>L§¥.¡ÅXå�1Ö�Cz5Æ¶
ÏL'�ü«ØÓo÷/m&Þ�ÄN��>1
�, �«
�f?o÷/méÅXåCz5Æ�K
�. ïÄ(JL², Ï~^uL�ÅXA5�.l
åÚÅXõ, ØUL�ÑB��>L§¥�fáÚ
�^é.¡{�å��z.

2 �[�{

�
�[Ñ&Þ�ÄNL¡�mØÓ§Ý
� Å X � ^, · � æ ^ 
 � ä Lennard-Jones(L-

J)³¼ê

E = 4εi

[(σ

r

)12

−
(σ

r

)6
]

, r < rcut, (1)

ò£ãÄN�f�m�^� L-J ³Uþëê, �Ý
ëêÚ�ä�», ©O�� 1.0ε, 1.0σ, 1.5σ. éu&
Þ�f�ÄN�f�m��^, Ù�ÝëêÚ�ä
�»�ÄN�f³¼ê����Ó, �´òÏLN
�Uþëê��� (εi/ε ©O�� 0.2, 0.5, 1.0), 5
�[L¡mØÓ§Ý�ÅX�^.

ÄNL¡d¡%á�¬N� (001) ¡�¤,

¬ N � f � � C � m å � 21/6σ. Ä N º �
� 79.4σ × 79.4σ × 47.6σ, � 305000 ��f. �

�ØXÚ>.é�[(J�K�, 3ÄN��
>L¡æ^gd>.^�, 
3ÄNo±L¡þ
æ^±Ï5>.^�. ·��[
äk�Ó¶Â�
» (�»� 23.8σ, � 7.1 nm) �ü«&Þ: �f?
1w&ÞÚ�f?o÷&Þ, §���f�.«u
ã 1. �f?1w&Þ´ò�¬¡%á�¬N�­
¤¥/��¶�f?o÷&ÞK´l�¬�N¬
¥��Ñ¥/��.

ã 1 &Þ��f�. (a) �f?1w&Þ; (b) �f?o÷&Þ

3�[¥, Äk4&Þ�ÄN�ål�u rcut.

,�, �&Þ�\��é��1Ö, ¿�±&Þ3
Y²��� �ØC. ÅgO\�\3&Þþ�1
Ö, ¦XÚ3z�1Öe¿©µþ, 3��²ï�
��, J�Ñ��1Öe�Ø\�Ý!�>¡ÈÚ
L¡�^å, l
�[��&Þ�ÄN�m��>
L§. æ^
 Langevin �{?1�§, ¦�§�§
Ý�±3 0.0001ε/kB NC, Ù¥ kB ´Å�[ù~
ê. �[¦^�´d{I Sandia I[¢�¿mu�
�5�©fÄåÆm
�è^� LAMMPS[14,15].

3 (J�?Ø

3.1 ...lllååå���ÅÅÅXXXõõõ

ÅXL¡m�.lå���ÏL1Ö -  
£­�¼�, ��ÏL1Ö - �>¡È­�²[
Üëê��. duùü«�{���.låk
�½��É [16], ·�ò�Ñü«�{O��.
lå. Äk, ÏL�>¡È�1Ö�Cz­�¼
��[�~�.låÚÅXõ. Ï� M-D ÅX
�>�.U
£ã JKR �.Ú DMT �.�m
�=CG�, ·�òA^ M-D �.é�[êâ
?1©Û. ÅXëê�¼�©�üÚ. 1�Ú´
A^ M-D �.�nØúª, é1Ö - �>¡È
­�?1[Ü, ��.lå. du M-D �."y
�>¡È�1Ö�m�wªL�ª, ·�A^

d Carpick, Ogletree Ú Salmeron(COS) uÐ���
úª [17,18]. 1�Ú´�â.lå�ÅXõ�'
XO�ÅXõ. 3 M-D �.¥, .lå Pc ÚÅX
õ W �'X� W =

Pc

χπR
, Ù¥ χ L«l JKR �

.� DMT �.�=CÏf, R �&Þ�». ã 2

©O´3 εi/ε � 1 �ü«&Þ�ÄN�m�ý¢
�>¡È�1Ö�Cz. ã¥¢�´é�[êâ
� COS [Ü, [Ü��1w�>Úo÷�>�.
lå©O� 65.5ε/σ Ú 39.5ε/σ, Maugis =Cëê
©O� 0.06 Ú 0.03. ?
, O���ü«�>� χ

=CÏf©O� 1.98 Ú 1.96, 1w�>Úo÷�>
�ÅXõ©O� 0.45ε/σ2 Ú 0.27ε/σ2. �±w�,

o÷�>�.låÚÅXõÑ�1w�>� 60%.

31�«�{¥, .lå=´1Ö -  £­�
¥���K1Ö, 
oÅXõ´1Ö -  £­�l
1Ö�"?�Ã¡��È©. ùp�oÅXõv
kØ±�>¡È, ØÓucã�ü ¡ÈÅXõ.
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ã 3 ©O´3 εi/ε � 1 �ü«�>�1Ö -  £
­�. dã 3 ��, 1w�>Úo÷�>�.lå
©O� 71.9ε/σ Ú 36.5ε/σ, §��oÅXõ©O
� 29.9ε Ú 17.7ε. ùp, o÷�>�.låÚoÅ
Xõ©O´1w�>� 51% Ú 59%. ·��(J
�©z [16,19] �(JéÐ/��, L²=¦´�
fºÝ�L¡o÷z�wÍ/~�
.¡.lå
ÚÅXõ.

↩ ↩      









εi/ε=1

εi/ε=1

 COS

/
σ



/εσ↩
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ã 2 ý¢�>¡È�1Ö�'X
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/
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ã 3 1Ö -  £­�

3.2 ���>>>LLL§§§¥¥¥���ÅÅÅXXXåååCCCzzz

�
�	�>L§¥ÅXå�Cz, ·�òL
¡å©)�ü½åÚáÚå. L¡å�©)/�

 Mo Ú Szlufarska ��{ [12,13], ÏLeãO��
�: Äk, ��kÅX^�e�XÚ²ï��f�
.¶ò L-J ³¼ê� rcut ~�� 21/6σ, ­#O�
T²ï��.�L¡�^å. ù��L¡åÒ´k
ÅX^�e�>.¡þ�ü½å. ü½å�ÅXå
�ýé���Ò´	1Ö���, dd�±O�Ñ
L¡ÅXå.

ã 4 �Ñ
n«ÅXrÝe (εi/ε = 0.2, 0.5,

1.0) .¡ÅXå�1Ö�Cz. 1w�>�ÅXå
�1Ö�m¥yÑéÐ��5'X, Xã¥J�¤
«. ���Ç�XÅXrÝ�O�
O�, � εi/ε

� 0.2, 0.5 Ú 1.0 �, �Ç©O� 0.12, 0.31 Ú 0.79.

éuo÷�>, ·�é�[êâ?1
õ�ª[
Ü (�ã¥¢�). 3o÷�>¥, ÅXå�1Ö�
üNO�L§©�ü��ã, =���Ç�¯�O
�Ú���Ç�ú�O�, ü��ã=C��.:
�3 150ε/σ NC. �1w�>��5O�ª³�
', 3�.:�c, o÷�>äk'1w�>��
�O��Ç¶�3�.:��, o÷�>�O��
Ç½�1w�>���ÃA (� εi/ε � 0.2 Ú 0.5

�), ½²w/�u1w�>��5�Ç (� εi/ε

� 1.0 �).

3A����\�1Ö��>L§¥, o÷�
>Ñ'1w�>äk���ÅXå. � εi/ε � 0.5

�, o÷�>�ÅXå´1w�>� 0.95—1.35 �.

Ù¥, o÷�>äk��ÅXå��/, =u)3
"1ÖNC�A�êâ:. � εi/ε � 1.0 �, o÷
�>�ÅXå´1w�>� 1.25—1.68 �. Ø
ü
«�>�mÅXå�'�, ·��'%�>L§¥
ÅXå�.lå�'�. ùp, ± εi/ε = 1 �~. �
1Ö� 0 Ú 200ε/σ �, 1w�>�ÅXå©O´
.lå� 1.8 Ú 4.4 �, 
o÷�>�ÅXå©O
´Ù.lå� 4.1 Ú 9.2 �.
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ε
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εi/ε=0.5,
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εi/ε=1

ã 4 �>L§¥�ÅXå�1Ö�Cz

o÷�>�.lå�´1w�>� 50%—

60%, �´, 3�>L§¥o÷�>%äk'1w
�>���ÅXå, ùüö´XÛÚ�å5�? 3
ÅXL¡¤U«É���K1Ö?, ù��ÅXå
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Ò´.lå. l��K1Ö�cãü�O��ã�
�.:�m, �'u1w�>, o÷�>�ÅXå –

1Ö­�äk���O��Ç. Ïd, ¦+3��
K1Ö?, o÷�>äk���ÅXå (.lå),

�X1Ö�O�, ���O��Ç��o÷�>.
¡þ/¤
���ÅXå. dd�±w�, Ï~^
uL�ÅXA5�.låÚÅXõ, ØUL�Ñ3
B��>L§¥ÅXåé.¡{�å��z��.

ã 5 �f?1w&Þ�ÄN�m�{��>Aå (a) AåÓ
+; (b) Aå©Ù«�

3.3 ���>>>AAAååå©©©ÙÙÙ

·�}ÁÏL'��>.¡�{�Aå©
Ù, 5n)ØÓ/m�>�ÅXA5�É. ± εi/ε

� 1.0, 1Ö� 200ε/σ �~, ã 5 Úã 6 ©O�
Ñ
ü«�>.¡þL��f�{��>Aå
©Ù. ù�, 1w�>Úo÷�>�.¡ÅXå
©O´ 289.2ε/σ Ú 361.9ε/σ, §��ü½å©O
´ 489.2ε/σ Ú 561.9ε/σ, �ö�ÅXåÚü½å
©O´cö� 1.25 Ú 1.15 �. 3ã¥, ýé��
��Aå� (ÃØ´Ø Aå�´.�Aå) Ñæ
^��ÝL«, f�ÝL«
LÞuØ AåÚ
.�Aå�m�AåG�, §��Aåýé��
é��. éu1w�>, 3�>«��¥Ü/¤

��Ø Aå¸, §�X�f�Y² �
1w
/Cz. 3Ø Aå¸�	�, �3���/�.
�Aå«�, Xã 5 ¤«. 3ã 6 ¥, 3o÷L¡
��>«�S/¤
õ�Ø Aå¸, §�äkØ

Ó�����¸�. 3ù
Ø Aå¸�m´.�
Aå«�, Ø «�Ú.�«�üö�,/©Ù3
�å, 3�>«��	�Ø�3²w��/.�«
�. Ø
�>Aå©Ù/�Ú«��ØÓ, 1w�
>Úo÷�>�m�äk�������Aå¸
�. o÷�>���.�AåÚ��Ø Aå©O
´ −1.6×10−5ε/σ3 Ú 5.5×10−5ε/σ3, §�©O´
1w�>� 1.5 �Ú 2.6 �. ��, =¦=´�fº
Ý�/m�É, ���
��é��.¡�>G�,

o÷�>äkE,��>Aå©Ù/�, Ã{dd
éü«�>�ÅXå�É�Ñ²(�)º.

ã 6 �f?o÷&Þ�ÄN�m�{��>Aå (a) AåÓ
+; (b) Aå©Ù«�

4 ( Ø

�©A^�5�©fÄåÆ�{, �[
ü«
ØÓ�f?o÷/m�!f5¥/&Þ��5²
¡ÄN�m�B�ºÝ�>, O�
&Þ�ÄN�
m�.låÚÅXõ, ïÄ
�>L§¥.¡ÅX
å�1Ö�Cz5Æ, ©Û
�>.¡L��f�
{�Aå©Ù.

�[L², �f?o÷&Þ�ÄN�m�.
låÚÅXõ, üöÑ=��f?1w&Þ�>
� 50%—60%. 3�>L§¥, 1w�>�ÅXå
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�1Ö�m¥yÑéÐ��5O�'X, 
o÷�
>�ÅXå - 1Ö­�©�ü��ã. 3��1Ö
e, o÷�>äk'1w�>���O��Ç¶

3��1Öe, üö�O��Çò��ÃA½o÷
�>�O��Ç²w/�u1w�>. 3A���
�\�1Ö��>L§¥, o÷�>Ñ'1w�>
äk���ÅXå, cö´�ö� 1 �õ. d	, =
=�f?�o÷ÝÒ��o÷L¡/¤
E,�
�>Aå©Ù, Ù.�Aå«lÑ/©Ù3�>«

�S, �Ø Aå«�,/3�å. ü«/m�>
�m�.�Aå (áÚå) ©Ù«�ÚÓ+/��
ØÓ, �Óû½
üö�m�ÅXA5�É. ·�
�ïÄL², �'u�f?1w&Þ, �f?o÷
&Þ�ÄN�mäk���.låÚÅXõ, %3
�>L§¥/¤
���ÅXå. Ïd, .låÚ
ÅXõØUL�ÑB��>L§¥L¡áÚ�^
é.¡{�å��z��.
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Abstract

Intermolecular attractive forces lead to the adhesion problem in M/NEMS. The Van der Waals formula for the interaction between

macroscopic objects can be used only in the situation with no deformation. As to the adhesive contact between elastic bodies it is

still unknown how the attractive force contributes to the normal force on the interface. In this paper large-scale molecular dynamics

simulation is performed to study the adhesive contact between a rigid spherical tip and an elastic flat substrate. We study the effect of

atomic-scale surface roughness on the adhesive properties, including pull-off force between tips and substrate, the variation of adhesive

force with applied load, and the distribution of contact stress. The results show that the adhesive force varies linearly with the applied

load for the atomic-scale smooth contact. But for the atomic-scale rough contact the variation of adhesive force with applied load can

be divided into two phases, which are distinguished by different increasing slops. Compared with the smooth contact, the rough contact

has a small pull-off force, but exhibits a large adhesive force during the contacting process. Our simulations indicate that the pull-off

force cannot characterize the contribution of attractive interaction to the normal force on the interface in the case of an elastic adhesion

contacting.

Keywords: nanoscale contact, adhesive force, pull-off force, atomic-scale roughness
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