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æ^©fÄåÆ�{Ú�i�f³, �[
 500 � Cu �f ({¡ Cu500) |¤�B��â��§¬zL§. |
^?��þ� £!�é©ÛEâÚS3(� (IS) ��{éTL§¥�(�ÚÄåÆ1�?1©ÛïÄ. (Jw
«: �¬N7áØÓ�´, Cu500 B��â3,�§Ý�§�, Ù¬z�m¿Ø´��½�, 
´�3��ÚO©Ù,

¿��§§Ý�$Ù¬z�m�©Ù���2, ��¬z�m��. 3$§¬z�, Cu500 ²{
�X�¥m�.�
=Câ��¬�, LyÑõÚ¬z�A�. ©Ù�öïÄ
�â�Ð©�.é¬z?§�K�, uy�â�Ð©(
�A�ÚUþG�éÙ���¬zL§kX­��K�, Ó�§Ýe, �âÐ©�.� IS Uþ�$Ù¬z�m�
�, ù�:3$§�cÙ²w.

'�c: ©fÄåÆ�[, B� Cu, �§¬z

PACS: 61.20.Ja, 61.20.Lc, 61.43.Dq, 61.46.Df

1 Ú ó

B�ºÝe�7áÀæwyÑ�?åÆ5U,
�±3�±7áÀæpMÝ�Ó�O\Ù>5Ú
xz¹5 [1,2], ù
5U¦�7áB�Àæ�^u
�.ÊUì!°�éE�±|Â@¡Ú��. <
�ïÄ
�«B�7á�âá��v�(¬1�.
Qi[3] ïÄ
âfêéB� Ni (¬L§�K�, u
yâfê�u 400 �LN(¬/¤ fcc (�, 
â
fê�u 400 �/¤��¡N(�. Yang Ú Zhu[4]

ïÄ
 100—600 ��fê��� Cu ìq, uyì
q�fê��, v(��� Cu ìq���)¤�
�¡N(�, ��K��)¤¡%á�(�. Song
Ú Li[5] �[
 453 �âf� Cu B�ìq3ü§L
§¥�(¬L§, uy�LNú�ü§�/¤ fcc
(�, 
¯�ü§K/¤��¡N(�. Gafner �
<uy(¬���á�(�r��6uü§�Ç,
ÏL��ü§�Ç�±��ØÓ�(� [6]. Chui
Ú Snook[7] ©Û
 Au B��â(¬L§¥��*

(�Cz, uyá�L¡k(¬, ¥%��(¬, (
¬1�dL¡m©�SÜu) [8,9].

8c�ïÄõ´'5B�á�3ëYü§L
§¥�(�Cz, 
éB��â�(¬ÄåÆL§
cÙ´�§¬zL§ïÄ$�. ®k(JL², ²
;¬N¤ØnØØ·^u�º�B�NX [10]. �
©± 500 �âf Cu B�ìq (Cu500) ��ïÄé
�, Ùº���� 1.8 nm �m, �[ïÄÙ3�§
¬zL§¥�¬zÄåÆ1�, (JòkÏu·�
?�Ú
)7áB�á��¬zÅ�, Jp7áB
�Àæ�9­½5.

2 �[�{9L§

�©|^ EAM (embedded atom models) �i
�f³é 500 �âf� Cu B�ìq?1�[ï
Ä, 3 NVT Xn (�KXn) eæ^�±Ï5>.
^�, $Ä�§�È©æ^�Ý/ª� Verlet �{,
�mÚ�� 1 fs.
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� � [ ò Cu500 � � f ± Cu ¬ � / ª ü
�, 3 400 K µþ²ï�± 5×1011 K/s ��Ç,
� 2000 K, 2ò 2000 K �LN± 5×1013 K/s ��
Çü§� 1700 K, µþ²ï 10 �� 50 �Ú. 3
dµþL§¥z 1 �ÚP¹���., �¼� 40
�²ï�.. ©O±ù 40 ��.�Ð©�.U
Yü§� 800, 600, 400, 200 K, 3z�§Ý©O�
§ 1000 ps, �§L§¥z 2 ps P¹�g�.. ÏL
UþÚ�f £�Cz�¹��z�NX�¬z
�m, ÚOÑ Cu500 ©O3 800, 600, 400 Ú 200 K
¬z�m�©Ù�¹.

3 (�ÚÄåÆ©Û�{

3.1 »»»���©©©ÙÙÙ¼¼¼êêê g(r)

»�©Ù¼ê g(r) �2�/A^u��Ú�
¬(��ïÄ. ùp·�ÏL»�©Ù¼ê5©
Û Cu500 3�§L§¥�(�Cz. Ù½Â�

g(r) =
1
ρ2

〈
∑

i

∑
j 6=i

δ(r + ri − rj)〉,

Ù¥ g(r) ´ r � r + dr ��Sé����f�V
Ç, ρ �XÚê�Ý, δ � Dirac ÎÒ, r ��f� 
�.

3.2 ���ééé©©©ÛÛÛ

Honeycutt Ú Anderson[11] JÑ��é©ÛE
â´ïÄ�N½ö�N¥ìq�k��{. ù«�
{^o��ê i, j, l, m é�fìq?1©a, 'X
`, �f A Ú�f B U
¤�, K i = 1, ��� 2;
j L«� A �fÚ B �f�Ó¤���C� �
þ��fê8; l �LC��f�m�¤�ê8; m

´��AÏ�ëê, I�Xù
ìq�©a. ü�
�fm�¤�ål�3���ä�»S, �äål
���»�©Ù¼ê1�����¤éA� �.
3ØÓG��NX¥, �LÙá§kS��éaO
�Ø�Ó, 3�NÚ�¬�¥�þ�3�´ 1551,
1541 Ú 1431 �é, Ù¥ 1551 �éL���¡N(
�, 1541 �éL«"���¡N(�, 1431 �é�
L
NX�Ø­½5; 3 fcc Ú hcp ¬N¥± 1421
�é�Ì; 3 bcc ¬N¥Ì�± 1441 Ú 1661 �
é�Ì; �L!¡NÚ8�(��´ 1311, 1321,
1301, 1201 Ú 1211 �é.

3.3 ???������þþþ���   £££

þ� £ (MSD) £ã�´NX¤kâf3?
¿��lmÐ© �� £�¹, L�NX�éÐ
©���*ÑUå. �,ÏL MSD ­��±ïÄ
�¬3¬zL§¥�*Ñ5� [12], �´Ù£ã�
´NX�é 0 ���²þ £, J±�ÑNX3
¬zL§¥z�]m�ÄåÆCz. Ïd, ·�J
Ñ��?�� MSD �{�±�Ð/P¹NXë
Y�ÄåÆ1�, *	NX]�$Ä�¹, �~5
� MSD ±9Uþiÿ��{p�Ö¿, �·��
ÿ¬z�m!
)¬z?§Jø
k�Ãã.

?��þ� £ (revised mean square displace-
ment, {¡ ReMSD) £ã�´NXâf3?¿��
$Ä ∆t � £�¹, Lã/ª�〈

r2 (t)
〉

=
1
N

N∑
i=1

(
|ri (t) − ri (t − ∆t)|2

)
,

3�©¥ ∆t � 5 Ú�¤éA��m, = 5 fs.

4 �[(J9©Û

ã 1 �Ñ
 Cu500 ± 5×1011 K/s ��Ç,§
L§¥Uþ�§Ý�Cz, Ó��Ñ
¬N Cu ±
�Ó,§�Ç\9� 3000 K �UþCz. �±
w�¬N Cu 3 1800 K u)
��=C; 
 Cu500

l 900 K m©Lz, � 1300 K ���Lz, �$
u¬N EAM Cu �Lz§Ý 1800 K, ù´duB
� Cu Pké��'L¡È, �þ��fÏ?3p
Uþ�gdL¡þ
�~¹�, ¤±B�NX3�
$�§ÝeÒULz [13−16]. Cu500 LNl 1700 K
± 5×1013 K/s ��Ç¯�ü§� 200 K, Ïm¿v
kUþâC, `² Cu500 vk/¤¬N
´=C�
�¬.

� � � � � � � � � � � � � � � � � � � � � � �� � � �� � � �� � � �� � � �	 
� � 
 �
ã 1 Cu500 ,§Ú¯�ü§L§¥Uþ�§Ý�Cz­�±
9¬N Cu ,§L§¥Uþ�§Ý�Cz
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3¬NÜ7�¬zL§¥, Uhlmann[17] rNX
¬z�NÈ©ê�� 10−6 �éA��m���¬
�¬Ü7�¬z�m. 
éuB�NX, du�f
ê8��, éJ«©¬z�Ú�¬�, ÏdéJ�
�uÿ�NX�¬z�NÈ©ê. �©ò Cu500 3
ØÓ§Ý�§v
���m, ±Ù(�Ø2Cz�
�m��§3T§Ýe�¬z�m. ¢Sþ, ÏL
(�Ïf�õ«©Û�{, ·�uyù�B��â
Ä�þ®²C¤¬N�, �´duB��â�º�
�A, ��Ù¬N�fü����Ý�¬N¬N�
'k¤ü$.

� � � � � � ��� � �� � �� � � � � � 	 
� � 
 �� ������� �� ��� � � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � �  � �!
ã 2 Cu500 3 200 K � § L § ¥ z � � f � ² þ U þ
Ú ReMSD ��§�m�Cz
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ã 3 Cu500 3 200 K �§L§¥ MSD Ú ReMSD ��§�m
�Cz

·�ò Cu500 l 1700 K ©Oü§� 800, 600,
400 Ú 200 K � § Ý, ? 1 1000 ps � � §, u
y Cu500 3��§Ý��§L§¥Ñu)
(
¬. ã 2 �Ñ
 Cu500 3 200 K �§L§¥�Uþ
Ú ReMSD ��m�Cz. lã¥�±w�, 200 K
� Cu500 Uþk�úeü, � 390 ps �×�eü,
440 ps ��ªu­½; ReMSD 3 390 ps � 440 ps �
m�ÌÝÅÄ, 440 ps ���~­½. ù`² Cu500

3 390 ps m©:��¬��=C, � 440 ps Ïm�
¤
l�¬��¬��Ì�(��=C, 440 ps �
¬zÝ���Ú, �.Ø2Cz, Cu500 �¤¬z.
·��Ñ
TL§¥ MSD Ú ReMSD �'�ã�,

Xã 3 ¤«. �±w� MSD ­��Cz¯ú��
éA ReMSD �ÅÄ§Ý¤�', ü^­�Ñ�N
Ñ Cu500 ¿Ø´�Ú�¤¬z, 
´²{
�
¥
m�âLÞ�¬�, aqu�¬Ü7�õÚ¬zL
§; Ó���±wÑ, ReMSD UP¹NXÄåÆ1
��]�Cz, �±�\°[/ÓP�NX3¬z
L§¥��.Cz.

ã 4 � Ñ 
 800 K � § � Cu500 U þ
Ú ReMSD �Cz, �±w� Cu500 3 230 ps �
¤(¬. � 200 K �§¬zL§ØÓ�´, NX
3(¬�c´ëY�(�=C, vkÑy 200 K
¬z¤LyÑ�õÚ¬z�A�, ùL² Cu500

3 p § Ú $ § e � ¬ z � ª ´ Ø Ó �. ã 5
�Ñ
 Cu500 3 800 K �§L§¥1 100, 190,
230, 400 Ú 1000 ps � » � © Ù ¼ ê. � ± w
� 100 ps ��;.���(�; 190 ps �1�
¸CÄCk, 1�¸�1�¸ �mÑy
��
�âå, w«Ñ¬z�,�; 230 ps �1�¸�
1n¸²wCÄCk, 1�¸�1�¸ �m�
¬zA�¸®²/¤, NXd�=C�¬�(�;

� � � � � � ����� � � � � 	
 � � 
� � � � � � � � �� � � � �� � � � �� � � � �� � � � �� ������� �� ��� � ��
ã 4 Cu500 3 800 K � § L § ¥ z � � f � ² þ U þ
Ú ReMSD ��§�m�Cz
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146101-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 146101

     

100 ps 190 ps

   

400 ps   1000 ps
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ã 7 40 �ØÓÐ©�.� Cu500 3 800, 600, 400 Ú 200 K �
¬z�m tc �ÚO©Ù (1, 2, 3, 4 ©O�ùA�§Ýe���
¬z�m)

�� 400 ps Ú 1000 ps �­�A�vkCz. l»
�©Ù¼êþÓ��±y¢, Cu500 3 230 ps ®²
�¤¬z=C, ù�·�3ã 4 ¥*	��¬z?

§��. ã 6 �Ñ
 800 K �1 100, 190, 230, 400
Ú 1000 ps ��f .ã, �±�*/w� Cu500

dLe���¬��=CL§.

�â ReMSD ÚUþ��§�m�Cz­�,
·��Ñ
 40 �ØÓ�.� Cu500 ©O3 800,
600, 400 Ú 200 K ���§¬z�m. ·�uy,
Cu500 3,�§Ý�¬z�m¿��¬N Cu @�
´�½�, ·�O�
 Cu500 � TTT ­� (�§=
C­�), uyÙ¿Ø´5Æ� C .­� ((Jv3
d©�Ñ). ·�éØÓ§Ý��§¬z�m�ÑÚ
O©Ù, Xã 7 ¤«. �±w�, Cu500 �¬z�m
3p§Ú$§kXØÓ�ÚO5Æ, 3$§ 200 K
�, ØÓ�.�¬z�mCzé�, l�á� 80 ps
���� 880 ps, ©Ù�2; �§Ý�,p, ¬z�
m�©ÙÅì8¥, � 800 K �­�Cqpd©Ù;
ã 7 ¥©OIÑ
 Cu500 3 800, 600, 400 Ú 200 K
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���¬z�m, �±w��§Ý�ü$, Ù��
¬z�m×�C�.

�
&Ä´�oÏ�K� Cu500 �¬zL§,
��ØÓ��3Ó�§Ý¬z�m�OXd�
�, ·��Ñ 200 K ¬z�m�áÚ���ü�N
X (©O±i1 A, B �L) ±9p§ 800 K ¬z�
m�áÚ���ü�NX (©O±i1 C, D �L).
é A, B, C, D NX3�§Ð©����.��é©
Û, Xã 8 ¤«. lã 8(a) ¥�±w�, 3�§Ð©
��, A NX¹k�L fcc (�� 1421 ��õu B
NX, 
�L"���¡N� 1541 ��¹þ²w

$u B NX. ·�@�, du��¡N�Ê­é¡
5Ø|u¬z, ¦� A NX3éá��mSU
�
¤¬z, 
 B NXKI�����mâU�¤¬z
=C. ã 8(b) ¥, 800 K � C, D NX3Ð©���
�é¹þÄ��Ó, ¦���.�¬z�m�OØ
�. duNX3$§�Ð©�.��É'p§��
�, \þ$§��f�*ÑUå�f, �¦ØÓ�
.NX�m¬z�m�Éé�. Ïd, ·�@�, �
´ Cu500 3m©¬z�Ð©(��ØÓû½
§
�¬z?§�ØÓ, Ð©(�é$§¬zL§äk
wÍ�¢D5.

�� � �� � � ��� � � � � � � �� � � � � � � �� � � �� � � 	 �� � � �� � � �� � � �
�
� �
� � � �� � � � � � � �� � � 	� � � � � �
ã 8 (a) 200 K � A, B NX3�§L§m©���é©Ù; (b) 800 K � C, D NX3�§L§m©���é©Ù

·�ÏLUþ�Íeü�{O�
 A, B, C, D
NX3�§Ð©���S3(� (inherent structure,
IS)[18−21], ��
§� IS ¥z��f�²þU
þ (S3Uþ), (JXã 9 ¤«. �±w�, B NX
�S3Uþ�$u A NX, `² B NX?u³U­

� � � � � �� � � � � �� � � � � �� � � � � �� � � � � 	� � � � � �
 �� 
 � � �
ã 9 A, B, C, D NX3�§Ð©���S3Uþ

¡þ���³²¥, I����-¹UâUu)¬
z=C, ù�Ò´ B NX¬z?§�ú��Ï.

5 ( Ø

·�æ^©fÄåÆ�{�[
 Cu500 ��
§¬zL§, ¿ÏL ReMSD, �é©ÛEâÚ IS �
�{©Û��±e(J: ØÓ�.� Cu500 3�Ó
§Ý�§�, Ù¬z�m¿Ø´��½�, 
´�
3��ÚO©Ù, ¿�§Ý�$Ù©Ù���2,
��¬z�m��; $§ 200 K �§�, Cu500 ²{
�X�¥m�.�=C�ª��¬�, LyÑõÚ
¬z�A�, 
3p§ 800 K K´ëY�(¬L§;
Cu500 Ð©�.�(�A�ÚS3UþéÙ¬z?
§kwÍ�K�, Ó�§Ýe, �âÐ©�.�S
3Uþ�$Ù¬z�m��.
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Molecular dynamics simulation of isothermal
crystallization dynamics in Cu nanocluster∗

Chen Qing Wang Shu-Ying† Sun Min-Hua†

( Key Laboratory of Semiconductor Nanocomposite Materials, Ministry of Education, School of Physics and Electronic Engineering,

Harbin Normal University, Harbin 150025, China )
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Abstract

We investigate the structural and dynamic properties of isothermal crystallization of Cu nanocluster which contains 500 Cu atoms

(Cu500), according to the embedded atom model, using molecular dynamics simulations. We calculate the Honeycutt-Anderson bond-

type index, the inherent structure (IS) and the revisionary mean-square displacement of Cu nanocluster in crystallization process. All

analyses suggest that the crystallization time of Cu500 is dependent on temperature. At high temperature, the crystallization time is

well represented by a Gaussian distribution, which is not observed at low temperature. Cu500 displays multi-step crystallization at low

temperature. On the other hand, we note that the influence of initial configuration on isothermal crystallization is significant. For the

same thermodynamic state, especially at low temperature, the lower the IS of initial configuration, the longer the crystallization time is.

Keywords: molecular dynamics simulation, Cu nanocluster, isothermal crystallization
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