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|^©fÄåÆ�[ÚO
A«ØÓ§Ýen«ØÓ�àÔ (Cu2, Ag2 Ú Pd2) 3Ô�. (100), (111) L¡þ�
*ÑÚ)l1�, &?Ó�ÚÉ��àÔ3 Cu L¡þ*ÑÚ)l�A:; æ^©fÄåÆ¥�·�O��{O�

ùn«�àÔ3*ÑÚ)lL§¥�Uþ³^, ¿�ÄåÆ�[!�àÔ��.�(ÜU�(J?1
'�, &
?�àÔ*ÑÚ)lL§�*Ñ³^!(ÜU!L¡5�Ú§Ý��'X. �fm�p�^æ^�²� EAM ³.

(JL²: Ó�ÚÉ��àÔ3��ØÓL¡þ�*Ñ³^!)l³^k�½�5Æ, ¿Ú�àÔ��.�(Ü5
�k'; �àÔ´Ä´)l��.L¡�(�±9�àÔ��.�(Ü5�'X��; �àÔ)lc�Ó*Ñ�¯
ú��àÔÚ�.�(Ü5�±9�àÔ3L¡�*ÑÚ)l³^���'.

'�c: �àÔ, ©fÄåÆ�[, *Ñ³^, )l³^

PACS: 68.43.Jk, 31.15.at, 68.35.Fx

1 Ú ó

�Xy�>fì��X8¤zÚ�.zuÐ
�ª³, ì�º�����, �� nm þ?, ��
ì��á�Ú(�Ñ´ÏL���)�L§¼�
� [1]. ��)�L§¥�fÚìq*Ñ, é���
(�üz¥åX­���^ [1,2]. 3�fY²þï
Ä�fÚìq3L¡þ�*ÑÚ)l, é@£�
«¢�^�e�)�Å�ék�Ï [3]. ü�áN
�f�*Ñ1��é'�{ü. Cc5, <�éu
ü�áN�f3L¡þ�*Ñ1�Ú*ÑÅnk

'�õ�@£ [4−9]; �´3��)�L§¥�
��.L¡�Ø==kü��f, ��¹k�þ
�ìq. ìq3L¡þ�*ÑÚ)l1�éL¡
�)��ªk­�¿Â [10−12], 8céuìq3L
¡þ�1��vké�ß�@£. <�®²@£
�3�½�§Ýe, ��7áìq37áL¡´$
Ä� [13], 1973 c Graham Ú Ehrlich ÏL|lfw
�ºÿ� W áN�f9�àÔ3 W L¡þ�*

Ñ³^ [14], @��àÔ3L¡þ�*Ñ³^'ü
�áN�f�$éõ, ¿�uy�àÔ3²{é�
�[£��¿Øu))l. 
 2008 c Panagiotides

Ú Papanicolaou |^;åPCq��ÄþÝ�{�
[O�ü� Pt áN�f9 Pt2 �àÔ3 Pt(111) ¡
þ�*Ñ [15], O��� Pt2 �[£Uþ (320 meV)

'ü� Pt �[£Uþ (194 meV) �p. 2008 c, B
��|^©fÄåÆ�[©OïÄ
�� Pt 7á
ìq3 Pt(111) Ú Cu(111) L¡þ�*Ñ1� [16],

(Jw«ìq3ü�XÚ¥�*ÑL§ØÓ, *Ñ
Ån±9U��´»��Ø��, ¦�^ìq3Ø
ÓL¡þÚå�L¡]ÝÚÂ §Ý��O5)
º±þy�.

3L¡)�¥, áN�àÔ´�{ü��f
ìq, ~~¤�v(m©�Ø%. é�àÔ*Ñ
�@£´
)�f	ò)��'��� [17], é
�àÔ�)l�@£�´ïÄìq)l1��
Ä: [18]. �©éA«ØÓ§Ýe Cu2, Ag2(Ag ´
� Cu ØpM�7á)!Pd2(Pd ´� Cu pM�7
á) 3Ô (100) Ú (111) ¡þ�*ÑL§?1
Äå
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Æ�[ÚO, ïÄÚ'�
Ó�Ú��.ØpMÚ
pM�ü«É��àÔ�*ÑÚ)l1�, �Xæ
^©fÄåÆ�·�O��{©OO�
n«�
àÔ37áÔü«L¡þ�*ÑÚ)l³^, ¿Ï
L�ÄåÆ�[ÚO!(ÜU�(J?1'�, &
?
�àÔ*ÑÚ)lL§�*Ñ³^!(ÜU
9L¡(��'X, ±Ïé�àÔ3L¡þ�*Ñ
Ú)l1�k'��¡Ú�ß�@£.

2 O��{Ú�.

©fÄåÆ�[�{´3�f�gïÄE
,�và�NX�kåóä [19,20]. §@�z�
�fÑ�Ì²;åÆ5Æ, ÏLê�)�K$Ä
�§5(½XÚ3?¿���G�. �Ä��f
½ìq3L¡þ�[£³^é�, �kA��A
z MeV[21,22], éuù���[£³^, áN�f½
ìq=¦3é$�§Ýe�U
3n�L¡þ?
1*Ñ$Ä. Ïd, ·�æ^
©fÄåÆ�·�
O��{ [23,24] O��àÔ½áN�f3 Cu L¡
�*Ñ³^.

�©O�¥ Cu, Ag Ú Pd �³¼êæ^�
´ Cai Ú Ye[25] [Ü� EAM ³. ³¼ê�/ª�

Etot =
∑

i

Fi(ρi) +
∑
i>j

φ(rij),

ù� EAM ³[Ü
¬�~ê a0!(ÜU E0!�
5~êÚ� /¤U�¢�ëê, é³¥�¹�§
�p�^. §U
éÐ/£ã7áXÚ�5�, ~
X: L¡!"�!,��, cÙ´§U
�Ð/£
ãÜ7NX�5�. O�¥³¼ê��ä�»�
� 1.84a0, a0 � Cu �¬�~ê.

O � ¥ · � é ¡ % á � ( � � Cu � .
� (100) Ú (111) L¡©OÀ� 12ax × 12ay × 6az

Ú 14ax×10ay ×4az ���N¬� (ax, ay, az ©O
� x, y, z ��þ��C��fmål) 5�[�.,

ù� (100) Ú (111) ¡�E��.©O�¹ 1728

Ú 3360 � Cu �f. x Ú y ��æ^±Ï5>.
^�, 3 z ��þ, þ¡eZ��gd�f�, �e
¡� 3 ��f��½±�[Ã����.. Äå
Æ�[¥, §Ý���æ^ Nose-Hoover thermostat

�§�{. �[*	
 600, 650, 700 Ú 750 K o«
§Ýen«ØÓ�àÔ Cu2, Ag2 Ú Pd2 3 Cu(100)

Ú (111) L¡�*Ñ1�. ÄåÆ�[m©cÄk

éA½§Ýe���¬��µþ, �ÑÐ©�­½
(�. ,�r�àÔ±é��ÐÄU (0.1 eV) �Å
á3L¡þ, *	§�3L¡þ�*Ñ1�. z�
�L§�[±Y 300 ps, �[ 10 g±��ÚO(
J. �[L§¥, *	�àÔ´Ä)l. ·�ÚO

z�L§¥�àÔ�)l�m±9 10 �NX¥u
))l��ê, O�Ñ)lc�àÔ�þ� £±
9ü �mS�þ� £.

·�O�m©cÄké��¬��µþ, �Ñ
Ð©�­½(�, ,�3L¡þ©O��Ó�½É
��àÔ2�µþ, ±d�Ð©(�2é�àÔ�
*ÑÚ)lUþ³^©O?1·�O�. ·��O

A«~��*Ñ´», �å�àÔ����fØ
Ä, ÷�½�*Ñ´».Ä�àÔ¥�,���f,

½¦�àÔ)l, 3*Ñ�å:Úª:�m, ÷X
*Ñ´»x�^��, 2òd�ã©¤eZ°, 3
z�:?rù�áN�f�å3R�u*Ñ´»
�²¡þ, Ù¦�f�.�fgdµþ [21], ÏLé
��XÚ�|»©fÄåÆµþ, ��XÚ�Uþ
���, ±*Ñ´»�î�I, XÚo�³U�p
�I=����àÔ3*Ñ´»þ�)l*Ñ³
U­�. ÏL�å�àÔ¥����f��,��
�f£Ä, ­E±þL§, ����àÔ3*Ñ´
»þ��Ó*Ñ³U­�.

3 (J�?Ø

�[uy�àÔ3 Cu L¡þÌ�kü«*Ñ
Ån [26]. �«´a�Ån, ,�«´��Ån. �
©én«�àÔ3 Cu(100) Ú (111) ¡þ�*Ñ?
1
ÄåÆ�[*	ÚÚO, ¿é§�3ü«L¡
þ�*Ñ³^?1
·�O�.

3.1 nnn«««���àààÔÔÔ333 Cu(100) ÚÚÚ (111) LLL¡¡¡þþþ
���ÄÄÄåååÆÆÆ���[[[(((JJJ

�
*	Ú'��àÔL¡g*ÑÚÉ�
*Ñ�ÄåÆL§, 
)g*ÑÚÉ�*ÑÅn
�ÉÓ, 3 600—750 K �§Ý��S, z� 50 K

·�^ÄåÆ�{�[
�àÔ Cu2, Ag2, Pd2

3 Cu(100) Ú (111) L¡*Ñ�ÄåÆL§. é
uA½§ÝeA½XÚ�À� 10 �NX?1�
[, �àÔ�Ð© ��ÅÀ�. ÄåÆ�[¥
·�*	
�àÔ�*Ñ1�, P¹
 10 �NX

186802-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 18 (2012) 186802

¥u))l�NX�êÚ)l¤I��²þ�
m t, O�
z��NX¥�àÔ3 300 ps �m
Su))lc�þ� £, ¦ÑÙ²þ�, ¿¦Ñ
ü �mS�þ� £ MSD/t, ÚO(J�L 1

ÚL 2.

dL 1 ��, �X§Ý�O\)l�ê¥4O
�ª³, `²§Ý�p�N´)l; 3Ó��§Ý
e, n«�àÔ3 (111) L¡þ�)l�êÑ�u
�u3 (100) L¡þ�, 3 (111) L¡þ�²þ)
l�mÄ�þÑ'3 (100) L¡þ��áéõ, é
N´`²�àÔ3 (111) L¡'3 (100) L¡�N

´)l. lL 1 ¥é Ag2, Cu2 Ú Pd2 )l�mÚ
)l�ê�'��±wÑ, Ag2 ¤I��)l�m
�á, u))lXÚ�ê�õ, `²n«�àÔ¥
� Cu ØpM� Ag2 �N´u))l*Ñ. lL 1

��, 3 (100) L¡þ, Cu2 Ú Pd2 3 650 K ±þþ
u)
��, §Ý�p, ��gê�õ, Ó�§Ýe
� Cu pM� Pd2 ���gê�õ, 
� Cu ØpM
� Ag2 ���gê��, �ØN´��; ¿��à
Ô3 (100) L¡��gêéõ, 3 (111) L¡Kvk
u)��, L²L¡üÙ�;�, �ØN´u)�
�*Ñ.

L 1 A«ØÓ§Ýen«�àÔ (Ag2, Cu2 Ú Pd2) 3 Cu(100) Ú (111) L¡þ�*Ñ)l�
ê±9²þ)l�m (ü : 10−15 s)

600 K 650 K 700 K 750 K

(100) L¡

Ag2 9 10 10 10

109258 70325 45750 23415

Cu2 0 2 (1) 7 (4) 10 (7)

/ 55999 88449 96594

Pd2 1 (1) 2 (2) 7 (5) 8 (6)

157203 152932 115257 85410

(111) L¡

Ag2 10 10 10 10

12924 11825 9347 16618

Cu2 8 8 9 10

84544 36563 103896 36629

Pd2 7 10 10 10

77293 85323 41859 44894

5: L¥z9êâ¥1�1L«�½ 10 �NXu))lNX��ê ()ÒS�êâL«ÏL��*Ñ)l��ê,

Ø�)Ò�L«�ÜÏLa�*Ñ)l); 1�1L«)l¤I��²þ�m (ü : 10−15s)(/ �L�[�mSv
k*	�)l).

L 2 A«ØÓ§Ýen«�àÔ (Ag2, Cu2 Ú Pd2) 3 Cu(100) Ú (111) L¡þu))lcü �m
S�þ� £ MSD (ü : 10−2 nm2/10−15 s)

600 K 650 K 700 K 750 K

(100) L¡
Ag2 5.7 × 10−4 3.7 × 10−4 4.1 × 10−4 7.6 × 10−4

Cu2 4.6 × 10−5 4.6 × 10−5 1.4 × 10−4 5.9 × 10−5

Pd2 1.9 × 10−5 3.2 × 10−5 5.8 × 10−5 3.2 × 10−5

(111) L¡
Ag2 3.1 × 10−3 1.2 × 10−2 5.1 × 10−3 6.9 × 10−3

Cu2 1.7 × 10−3 1.7 × 10−3 4.1 × 10−3 3.9 × 10−3

Pd2 1.3 × 10−3 1.3 × 10−3 3.1 × 10−3 2.1 × 10−3
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l L 2 é N ´ w Ñ, 3 ü « L ¡ þ, 3 ?
Û§Ýe, ü �mS�þ� £��^Sþ
´ MSD(Ag2) > MSD(Cu2) > MSD(Pd2), `²�
, Ag2 éN´)l, �§3)lc��N´*Ñ,

Cu2 Ú Pd2 ØN´)l, �)lcØN´*Ñ, cÙ
´ 600 K e, Cu2 Ú Pd2 �ü �mS�þ� £
é�; ¿��±wÑ3 (111) L¡þ�ü �mS
�þ� £�'3 (100) L¡þ��péõ.

·�@��àÔ*ÑÚ)l�¹Ú�àÔ
�L¡�(Ü5�±9§�3L¡þ�*Ñ³
^k'.

3.2 ���àààÔÔÔ333ØØØÓÓÓLLL¡¡¡þþþ(((ÜÜÜUUU±±±999aaa���
***ÑÑÑ³³³^̂̂

·�©OO�
ü�áN�fÚ�àÔ� Cu

�ü«L¡�(ÜU, O�(J�L 3. L¥�àÔ
�L¡�(ÜUêâ�²þz�áN�fé(Ü
U��z.

lL 3 �±w�, 3 (111) L¡þáN�f½
�àÔkü�Ø�d�áN : fcc  Ú hcp  . '
�uyØ+´Ó��´É���¹e, (111) ¡þ
áN�f½�àÔ3 fcc  �(ÜUÑ' hcp  �
��, Ïd3"§±94$§�¹e fcc  ´�­
½�áN . �©¥'u (111) ¡þ�«*Ñ³^
�O�, áN�f½�àÔÐ© �ÑÀJ fcc  .

L 3 Ag, Cu Ú Pd �f±9�A��àÔ Ag2, Cu2, Pd2 � Cu

L¡�(ÜU (ü : eV/�f)

(111)

(100)
fcc   hcp  

Ag 2.710 2.616 2.599

Cu 2.980 2.788 2.787

Pd 4.540 4.341 4.200

Ag2 2.783 2.698 2.682

Cu2 3.108 2.935 2.933

Pd2 4.638 4.472 4.333

5: L¥�àÔ�L¡�(ÜUêâ�²þz�áN�f

é(ÜU��z

�
O��àÔ3 Cu �.ØÓL¡þ�a�
*Ñ³^, ·�Äk�O�Ñ
�àÔ3ØÓL¡
þ~��a�*Ñ´», Xã 1 ¤«. ã 1 �Ñ


�.L¡©O´ (100) Ú (111) ¡�L¡��fÚ
�àÔ3L¡�å©�.9�U�*Ñ´»�:
À«¿ã, Ù¥ a, b ©OL«3 (100) ¡þ÷²1
uÚR�u�àÔë����*Ñ, c L«3 (111)

¡þ÷²1u�àÔë����*Ñ.

ã 1 ü«ØÓL¡þ�àÔ�Ð©�.9*Ñ´»«¿
ã, a, b ©OL« (100) ¡þ�àÔ���áN�f÷²1
uÚR�u�àÔë����*Ñ´», c L« (111) ¡þ
÷�àÔë����*Ñ´»

� 
 é n « Ø Ó « a � � à Ô 3 Ø Ó L
¡ � * Ñ 1 � ? 1 ' �, · � é Cu2, Ag2, Pd2

3 Cu(100) Ú (111) ¡þ÷A«ØÓ*Ñ´»�
)lÚ�Ó*ÑÑ�
�A�·�O�, (J�
L 4. L 4 ¥z9êâ1�1�þ�� d L«��
�f�½ØÄ, .Ä�àÔ�,���f÷*Ñ´
»a�*Ñ, ½¦�àÔ�ü��fu))l¤é
A�)l*Ñ³^; 1�1Ø� d �L«.Ä�à
Ô����f÷*Ñ´»a�*Ñ, ,���f�
X�c£Ä, ¦�àÔ�ü��f�Ó*Ñ¤éA
��Ó*Ñ³^.

L 4 n«ØÓ�àÔ3 Cu(100) Ú (111) L¡þ�a�*Ñ³
^ (ü : eV)

(100) (111)

a ´» b ´» c ´»

Ag2
d0.451 d0.237 d0.245

0.414 0.4 0.106

Cu2
d0.603 d0.627 d0.447

0.691 0.401 0.175

Pd2
d0.64 d0.596 d0.557

0.803 0.346 0.37

5: z9êâ¥1�1� d L«)l*Ñ³^, 1�1L«�

Ó*Ñ³^.

dL 4 ��, Ø+´)l*Ñ�´�Ó*Ñ,

Ù * Ñ ³ ^ � � � ^ S Ä � þ Ñ ´ E(Ag2) <

E(Cu2) < E(Pd2), lL 3 ��wÑ, 3�«ØÓL
¡þ, (ÜU���^SÑ´ Eb(Ag) < Eb(Cu) <
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Eb(Pd), Eb(Ag2) < Eb(Cu2) < Eb(Pd2), =� Cu

Ø p M � Ag Ú Ag2 � � . � ( Ü U � �, 

� Cu pM� Pd Ú Pd2 ���. L²�àÔ�
a�*Ñ³^ÚÙ�L¡�(ÜUk', �àÔ
�L¡�(ÜU��, Ùa�*Ñ�³^Ò��,

ÒØN´�c*Ñ, ü �mS*Ñ £��,

�L 2 ¥ü �mS�þ� £��^S�'
� MSD(Ag2) > MSD(Cu2) > MSD(Pd2) '��
Î. O�L²�àÔ3 (111) ¡þ�a�*Ñ³
^'3 (100) ¡þ���éõ, ù�Ù3 (111) L
¡þ�(ÜU��k', L¡���, (ÜU�
�, �àÔ3L¡þ�a�*Ñ³^Ò��, ù�
L 2 ¥3 (111) L¡þ�ü �mS�þ� £
�' (100) L¡þ��péõ�Î. dL 4 ��, 3
ü«L¡þ, Ag2 �)l³^Ñ' Cu2, Pd2 �$é
õ, ³^�$, )l¤��Ñ�Uþ�$, �N´)
l, ù�L 1 �Ñ�(Øn«�àÔ¥� Cu Øp
M� Ag2 �N´u))l*Ñ'��Î; dL 4 �
�, 3 (111) L¡þ�Ó*Ñ³^�')l*Ñ³
^$éõ, 
3ÄåÆ�[�L 1 ¥��3 (111)

L¡þ�àÔ�N´u))l*Ñ, `²3�½§
Ýe, *Ñ³^éu�àÔ´Ä´)l�K�Øå
Ì��^, §Ýé*Ñ�K���.

3.3 nnn«««���àààÔÔÔ333 Cu ØØØÓÓÓLLL¡¡¡þþþ���������
***ÑÑÑ³³³^̂̂

·�én«�àÔ3 Cu ØÓL¡þ�{ü
��*Ñ�*Ñ³^��
·�O�. �àÔ¥
����f��.L¡�f?1���, �àÔN
CkeZ�Ø�d�L¡�f, ã 2 w«
�à
Ô3 (100) Ú (111) L¡þ��«ØÓ��� �.

X (100) L¡þk 1 Ú 2 ü�ØÓ��� éA�
àÔ¥�mý@�áN�f, (111) L¡k 3 �Ø
Ó��� . ·�é�àÔ��.ØÓ�� �L
¡�f?1���*Ñ³^©O?1
O�, ¿À
�
�´?1���³^��àÔ3dL¡þ�
��*Ñ³^, O�(J�L 5.

O�L², � Cu pM� Pd2 ��*Ñ³^�
$, Ó�� Cu2 g�, � Cu ØpM� Ag2 �p, ù
�5Æ�a�*Ñ5Æ��, L²�àÔ��.
�(ÜU��, ÙÏL��Ån*Ñ�Uþ³^Ò
�$, �N´u)��*Ñ, ù�L 1 ¥�ÄåÆ
�[(J Pd2 ��.��gê�õu Cu2 Ú Ag2,

� Ag2 u)���gê��, �ØN´u)��ù
�(J�Î. ¿�é�àÔ3ØÓL¡þ���³
^�'�uy, �àÔ3 (111) ¡þ���*Ñ³
^��, `²L¡üÙ�;�, ��*Ñ³^Ò�
�, ù��L 1 ¥�àÔ3 (100) L¡��gêé
õ, 3 (111) L¡Kvku)��ù�y�'��
�. ÏLL 4 �L 5 �'���, �àÔ3�«L
¡þ���*Ñ³^Ñ'�A�a�*Ñ³^�
p, 
L 1 ¥3 (100) L¡þ�ÄåÆ�[(J¥,

Cu2 Ú Pd2 3 650 K ±þþu)
��, §Ý�p,

��gê�õ, ¿���ªÇ'�p, `²§Ý'
�p�û½*ÑÅn�Ø==�ûu³^, ��§
Ý±9(ÜUk', §Ý�p, �àÔ�L¡�(
ÜU��, �àÔu)��*Ñ�AÇ��.

1 2 2

1

3

(100) (111)

ã 2 (100) Ú (111) ü«ØÓL¡þ�àÔ�Ð© /Ú
��.�fØ�d��� 

L 5 �àÔ (dimer) 3 Cu L¡þ���*Ñ³^ (ü : eV)

(100) (111)

Ag2 1.134 1.606

Cu2 0.986 1.434

Pd2 0.928 1.277

4 ( Ø

�©ÏLén«ØÓ�àÔ (Cu2, Pd2, Ú Ag2)

3 Cu � (100) Ú (111) L¡þ�*ÑÚ)l1�
�O�ÚïÄ, �ÑXe(Ø.

1) n«�àÔ¥� Cu ØpM� Ag2 �N´u
))l*Ñ; �àÔ´ÄN´u))l*Ñ���
.L¡±9§Ýk': �'�u (100) L¡, �àÔ
¬�N´3 (111) L¡þ)l*Ñ, §Ý�p�N
´)l.

2) 3a�Åne, � Cu pM��àÔ Pd2

3 Cu L¡þ�*Ñ³^��, Cu2 g�, � Cu Ø
pM� Ag2 ��. 
3��Åne, � Cu ØpM�
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�àÔ Ag2 3 Cu L¡þ�*Ñ³^��, Cu2 g
�, � Cu pM� Pd2 ��. ù�y��±^�àÔ
��.L¡�(ÜU��5)º.

3) 3�[�§Ý��S (600—750 K), §Ý
�$� (600 K) �àÔ3�«L¡þþØ´u)
��*Ñ, 
��u3L¡þa�*Ñ; §Ý�p
� (700, 750 K) û½*ÑÅn�Ø==�ûu³^,

��§Ý!(ÜU±9L¡(�k', §Ý�p�

N´u)��*Ñ; �àÔ��.(ÜU��, �
N´u)��*Ñ; L¡üÙ�;�, �ØN´u
)��*Ñ.

4) n « � à Ô ¥, 3 ) l c � Cu Ø p M
� Ag2 �N´�ca�*Ñ, Ó�� Cu2 g�,

� Cu pM��ØN´�ca�*Ñ, �àÔ��
.(ÜU��, �ØN´�ca�*Ñ, ü �m
S*Ñ��C.
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Abstract

In this paper, we use molecular dynamics simulation to analyze the diffusion and dissociation barriers of homogeneous (Cu2)

and heterogeneous dimer (Ag2, Pd2) on the surface of Cu(100), (111) surface. We explore the diffusion and dissociation process and

characteristics of those dimers on Cu surface and compare their diffusion and dissociation barriers of dimer, the binding energies of the

dimer and substrate, substrate surface textures, temperatures, etc. The semiempirical EAM potential is used in the simulation.

Keywords: dimer, molecular dynamics simulation, diffusion barrier, dissociation barrier

PACS: 68.43.Jk, 31.15.at, 68.35.Fx

* Project supported by the National Natural Science Foundation of China (Grant No. 10576004).

† E-mail: rongwuli@bnu.edu.cn

186802-7


