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æ^©fÄåÆ�{é��7áav�L§?1
�[, �âv�L§NX²þ�fUþ!�f¤�a.Ú
¤ìa., ±9þ� £Ú� Gauss ëê�ÄåÆëê�üzA�, éLeLN/ØÐÏ�*ÄåÆÅn?1
ï
Ä. (JL²: �âLe�Na(¬/ØL§9åÆ!ÄåÆÚ(�A5�üz5Æ, ÙLe§Ý«m�±©�ü
�²wØÓ��ã, d3(¬Ø%Ñy3Le�N�$§«. LeLNa3/ØÐÏ, ��¡Nìq(�3 α- µþ
�ãÅì)N, Ó�äkN%á� (bcc) (��d3(¬Ø%ÅÚ/¤, Ù�.¬Ø�¹� 300 ��f.

'�c: Le�N, /ØÅn, ©fÄåÆ�[, ìq(�

PACS: 61.25.Mv, 64.70.dm, 65.20.De, 71.15.Pd

1 Ú ó

�â²;/ØnØ [1], 7á�v�å©uLe
�N¥�.¬Ø�/¤. �.¬Ø��mºÝ  
��, ¿�3�á�mSB×����÷*¬â,
8c¢�þ�J±é/ØL§?1��*ÿ, ¤±
�8·�é�.¬Ø/¤��*Ån�@£�'
�k� [2]. ¢�ÚnØïÄL², Le�N¥�3
�«ØÓa.�ìq(�, 
�ÊH�3�þ��
¡N (icosahedron, ICO) ìq(� [3−6]. ICO ìqä
k'¡%á� (fcc) Ú�ü8� (hcp) ¬N(��
�$�Û�Uþ, l
òO\/ØU^{�Le�
N�¬z [4,5]; ,
 ICO ìqäkÊ­é¡5, /
ØL§3�¬�ìq¿�L§¥òÅì©) [6]. Ï
d, ïÄLe�N/ØÐÏ�fìq, AO´ ICO
ìqÅìüC�(¬Ø%��*ÄåÆL§, é�
\n)��=C��*Ånäk­��¿Â.

�XO�á��Æ�uÐ, æ^©fÄåÆ�
{�[��7áv�L§, Ó�/Ïu Voronoi õ
¡N!���SëêÚ�é©ÛEâ��*(�

L��{ [7], �±¼�Nõv�¢�Ã{����
*(�[!, ¿��
Nõ­��ïÄ?Ð [8−10],
�éLe7á�N/ØÐÏ�fìq�ÄåÆ1
�ïÄ���� [11−13]. �fm�p�^³´©f
ÄåÆ�[�Ä:, 7áaÚw7á��äk��
{ü�>f(�, �p�^³¼ê{ü; 
�§�
�L:�$, äk�þ�¢�êâ, ¤±éõ�[
ïÄÚnØO�~±w7á�ïÄNX [14−16]. �
d, �©3�kïÄó��Ä:þ [17−19], æ^©
fÄåÆ�{é��7áav�/ØL§?1O
�Å�[, �âv�L§Le�N9åÆ!ÄåÆ
Ú(�A5�üzA�, é��7á/ØÐÏ��
*ÄåÆÅn?1�\ïÄ.

2 ©fÄåÆ�[�Ä�L§

��[Äkò 10000 � K �f�Å�u��
á�Ýf¥, ¿U±Ï5>.^�$1. Ù�fm
�p�^³æ^d Wang � [20,21] uÐ�2Â�Û
��.�³, d³¼êU
�(�N�þ{ü7á

* I[g,�ÆÄ7 (1OÒ: 51101022, 50831003) Ú¥
p�Ä��ï�Ö¤;�Ä7 (1OÒ: K50511700006, CHD2012JC096) ]Ï�
�K.
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ÚÜ7�9åÆ!ÄåÆÚ�*(���¡�A
5 [20−22]. $Ä�§�¦)æ^ leap-frog �{, �
mÚ�� 3 fs.

�[O�l 523 K m© (K �L:�� 336 K),
O�L§ÏLN��fNÈ¦NX�±ðØ [22].
Äk4XÚ3 523 K �§$1 100000 Ú, ¿ÏLu
ÿXÚUþ�Cz(�Ù3d§ÝeXÚ¿©²
ï; ,�¦^ “�Þå�{”[23,24](�¡� Gauss 9
ú) ��XÚ�§Ý± 1×1011 K/s ��e�5eü
� 73 K, Ù¥z� 50 K 4XÚ�§$1 400 Ú, ±
O�NX�VN©Ù¼ê. 3 373 K, 323 K, 273 K
Ú 223 K o�§Ýe©O4XÚ�§µþ 500 ps,
Ó�P¹z��f� �Ú�Ý�I��m�C
z'X. ��ÿ½v�L§NX²þ�fUþ!�
f¤�a.Ú¤ìa.9Ù�ê, ±9þ� £
Ú� Gauss ëê�ÄåÆëê, ©ÛLe�N9å
Æ!ÄåÆÚ(�A5�üz5Æ, �\&?Le
�N/ØÐÏ��*ÄåÆÅn.

ã 1 ��7áav�L§VN©Ù¼ê g(r) �§Ý�Cz
�¹

ã 2 ��7áav�L§g*ÑXê D �§Ý�Cz
�¹ J�´�â Arrhenius {K�[Ü­�, (Ò´ 338 K
Ú 408 K ü�§Ýe�¢�(J

3 �[O�(J�©Û

VN©Ù¼ê g(r) �N
XÚ¥���f±
�Ù¦�fÑy�AÇ, � X ��û�¢�¤¼�
�(�Ïf S(Q) p� Fourier C�, Ïd´nØï
Ä�¢�(J�p�y�­�xù. ã 1 �Ñ

�[O�¥NXVN©Ù¼ê�§Ý�üzL§,
±9 473 Ú 373 K ü�§Ýe Waseda[25] �¢�(
J. dã 1 ��, 3 473 Ú 373 K ü�§Ýe, NX
VN©Ù¼ê��[�Ú¢�(JÃØ3¸� 
��´pÝÑÎÜ�éÐ, ùl���¡L²
�
�[ïÄ(J���5. dã 1 ��±wÑ, �X
v�§ÝØäü$, VN©Ù¼ê�¸��pÝÅ
ìOp, 
�3 173 K �®²©�¤Nõkb��
¸, ù�´XÚ®/¤¬N(��²wI�; Ó�
L², ¬zå©§Ý TC AT0u 223 � 173 K �
m.

g*ÑXê�´u��[(J��5�,�
�­�ÄåÆëþ, ã 2 �Ñ
��7áav�L
§NXg*ÑXê�§Ý�Cz'X. dã 2 ��,
D-T ­�3�pÚ¥m§Ý«�÷v Arrhenius {
K, [Ü­�Xã¥J�¤«; 338 Ú 408 K ü�§
Ýeg*ÑXê�¢�(J [26] ��[O��Ä�
ÎÜ, dd?�ÚL²��[(J���5.

3.1 LLLeee���NNN���999åååÆÆÆAAA555

ã 3(a) Ú (b) ©O�Ñ
��7áav�L
§ÚØÓ§Ýe�§µþL§NX²þ�fUþ
�üz�¹. dã 3(a) ��, ��7áav�L§
NXUþ3 210 K NCm©Í,eü, ¬zå©§
Ý TC ≈ 210 K. (Üã 3(a) Ú (b) �±wÑ, ��
7áa3(¬/ØL§ÙLe§Ý«m (Tm—TC)
�±©�ü�²wØÓ��ã. Le�N3�p§
« (Tm—273 K), NX9åÆA5�L: Tm ±þ
�p§�N�q, v�L§NXUþeü��Ç�
p§�N�Ó (Xã 3(a) ¤«), 3�§µþL§N
XUþÄ��±ð½ (Xã 3(b) ¤«), vku)(
¬/Øy�. Le�N3�$§« (273 K—TC), �
,v�L§NXUþeü��Ç�,�p§�N
�Ó, �´3�§µþL§NXu)(¬/Øy�,
Uþ3 tC ≈ 20 ps ÑyÍ,eü, 3 td ≈ 70 ps �
Uþq��mÄ��±ØC. ddL², Le�N
3$§« (273 K—TC) m©Ñyd3�(¬Ø%,
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²L�½)��m tC Åì=C¤Ø, ¬zL§²
{� 50 ps �(å.

ã 3 �N7áav�L§ (a) ÚØÓ§Ýe�§µþL§ (b)
NX²þ�fUþ�üz�¹

3.2 LLLeee���NNN���(((���AAA555

�é©ÛEâ [27] ´8c£ã��!�¬�Ú
¬�NX�f(�|�9Ù�p=CL§¥�*
(�üzA:��«k��{. �é©ÛEâæ
^o��ê i, j, k, l 5£ã,é�f�±��f�
¤�G¹, i �L¤�	ü��f���¤�'X,
i = 1 L«¤�, i = 2 L«�¤�; j �LTé�f
��k�C��fê; k �Lù
�k�C��f
�m�¤�ê8; ���/L«,«(�, =^c
n��ê´Ø
�, ¤±éucn��ê�Ó
(
�ØÓ�G��^1o��ê l �5\±«©. �
æ^�é�ê5£ãÛ��f(�|��, 3;.
��½�¬�¥, ± 1551,1541 Ú 1431 �é��þ
�3�A�; 
éu�A��«¬N(�, N%á
� (bcc) ¬N(�± 1441 Ú 1661�A��é; fcc
¬N(�K± 1421 �A��é; L� hcp ¬N(
��A��é� 1421 Ú 1422.

ã 4 �Ñ
��7áav�L§�«Ì��
é�éê8�§Ý�Cz'X, Ù¥�
��Ù

/ÐyLeLN/ØL§�«�é�Cz�¹,
3 223—173 K§Ý«mz� 0.5 K ¼��|êâ.
dã 4 ��, LeLN3�p§« (Tm—273 K), N
X(�A5�L: Tm ±þ�p§�N�q: �
N ICO 9Ù"�(�� 1551,1541 Ú 1431 �é�
XÚ¥Ì�(�ü�, Ù�éê8�Úp� 50%±
þ, Ùg´ bcc ¬N�A��é 1441 Ú 1661, 
 fcc
Ú hcp ¬N�A��é 1421 Ú 1422 �k�N�
3; 
�, �X§Ý�ü$, bcc, fcc Ú hcp ¬N
�A��é�§ÝCz�ú, �k�N ICO (�
A�� 1551 �éO\wÍ. �LeLN§Ýü
$��$§« (273 K—TC), �N ICO (�A�
� 1551 �éUYO\, Ó� bcc ¬N�A��
é 1441 Ú 1661 �m©wÍO\. 3¬zå©§
Ý TC NC, �X bcc ¬Ø�/¤¿×���, 1441
Ú 1661 �é:ìO\, 3 173 K �Ù�éê8�
Ú®²p� 95%; Ó�, Ù¦�é×���.
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ã 4 �N7áav�L§�«�é�éê8�§Ý�C
z'X

3.3 LLLeee���NNN���ÄÄÄåååÆÆÆAAA555

þ� £ (mean-square displacement, MSD) ~
^5£ãNX¥�f�ÄåÆ1�, Ù½Â�〈

r2(t)
〉

=
1
N

N∑
i=1

〈
|ri(t) − ri(0)|2

〉
, (1)

Ù¥, ri(t) L« t �� i �f� �, N L«N
X�¹�f�ê8. dã 5 ¤«Le��a3
ØÓ§Ýe MSD ��m�üzL§, �±wÑ,
3m©� 0.2 ps S, MSD ��m��g��'
é, d��f¿��±��fu)-E. 3�e
5 0.2< t <2 ps µþ�m, du±��f/¤
� “<f�A” åPX�f�*Ñ$Ä, �åP�
fI��½�mâUÀÑ<f�åP, ù� MSD
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­�¥y��O��Ç���²�; 
��X§
Ý�ü$, �åP�fÀÑ<f¤I���mÒ�
�, ²�Ly�Ò�²w. �Xµþ�m?�ÚO
� 2< t <500 ps, Le��a3p§« (Tm—273 K)
Ú$§« (273 K—TC) ¥yÑØÓ�ÄåÆA5:
3p§«, <f»�­ü��fm©�*Ñ5$Ä,
MSD ­���m¤�''XO�; 3$§«, MSD
­�3��m�5O���Ï t ≈ 70 ps �¥y1
��²�. �â*ÑXê D �þ� £ MSD �
OÏd"'X 〈r2(t)〉 =6Dt, MSD ­�¥1��²
��Ñy¿�XNX*ÑXê�", �f?u�g
²ï �. 3�ªÍÜnØ (mode-coupling theory,
MCT)[28], �<f�A�'é�ÄåÆ�ã¡� β-
µþ, 
�e5<f»�­üL§¡� α- µþ.

ã 5 Le��a3ØÓ§Ýe MSD ��m�üCL§

� Gauss ëê (non-Gaussian parameter, NGP)[29]

~^5þzLe�N�ÄåÆ��É5, Ù½Â�

α2(t) =
3

〈
r4(t)

〉
5 〈r2(t)〉2

− 1, (2)

Ù¥, 〈r4(t)〉��f £og��²þ. dã 6 ¤
«�Le��a3ØÓ§Ýe NGP ��m�üz
L§, �±wÑ, �Xµþ�m?\ β- µþ�ã,
du<f�A�f��Ó$Ä, l
NX¥y��
É5, NGP ­�l 0 m©Åìþ,, 3 β- µþ(å
������, 
�Ù¸��X§Ý�ü$Åì,
p, ùL²Le�N���É5�X§Ý�ü$�
\²w. �Xµþ�m?�ÚO�?\ α- µþ�
ã, 3p§« (Tm—273 K), NGP ­��X<f»�
­üÅìü� 0 NC; �´3$§« (273 K—TC),
NGP ­�3eüL§ t ≈ 70 ps �¥y��#�
²�, d�m�ã 5 ¥ MSD ­�¥1�²�Ñy
��m�éA. (Üã 3(b) ¥Uþ��m�Cz'
X, �±uy, NGP Ú MSD ­�3 t ≈ 70 ps ?²

�éA¬z�¤��m. d�²ï¬N(�®²/
¤, ¤±�f*Ñ1��~�f, NX¥y��É
5.
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ã 6 Le��a3ØÓ§Ýe NGP ��m�üCL§

�
?�Ú�²LeLNa/ØL§¬Ø/
¤Úüz�ÄåÆA5, ÄkI�év�L§NX
�«ØÓa.Úº���fìq(�?1£O. 8
c2�æ^��é©ÛEâ�U£ãØ�L 10 �
�f�(�|�, 
¬Ø����¹Az�þZ
��f�B�ìq. �
L���7áv�L§
NX�«a.�ìq(�, ·�3 Qi Ú Wang[30]

ó��Ä:þïá
 “�fìa.�ê{ (cluster-
type index method, CTIM)”[17−19]. CTIM æ^o�
�ê (N , n1, n2, n3) 5£ãz�«Ä��fì,
Ù¥ N L« (�¥%�f) |¤�fì��fê
8 (q¡� ê); n1, n2, n3 ©OL«¤��f�¥
%�f�¤ 1441,1551 Ú 1661 �é�ê8. ~X,
(12 0 12 0) �Ld 12 � 1551 �é�¤�±���
f�¥%� ê� 12 � ICO Ä��fì; (14 0 12
2) �Ld 12 � 1551 �éÚ 2 � 1661 �é�¤�
±���f�¥%� ê� 14 � Frank-Kasper õ
¡NÄ��fì; (14 6 0 8) �Ld 6 � 1441 �é
Ú 8 � 1661 �é�¤�±���f�¥%� ê
� 14 � bcc Ä��fì. ù
Ä��fì�(�
�.Xã 7(a)—(c) ¤«. �ü�Ä��fì�¥%
�f�pC� (¤�) �, K@�ùü�Ä��fì
Óáu��ìq(�, ù�3 CTIM �Ä:þ�±
�ß/£ãº����ìq(�, Xã 7(d),(e) ¤
«. duLe��a¥�*(�|�Ì����
¡NÚÙ"�(�, 
Ù­½¬�� bcc (�; Ï
dùp­:�	d bcc Ä��fì|¤� bcc ì
q, ±9d��¡NÄ��fì9Ù"�(�|¤
� ICO ìq�üzL§.
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ã 7 �[XÚ 273 K§ÝXÚ¥A«�fìq�(�{ã (a) ICO Ä��fì; (b) Frank-Kasper Ä��fì; (c) bcc Ä��
fì; (d) d (14 0 12 2) Ú (13 3 6 4) ü�Ä��fì|¤��¹ 21 ��f���º�ìq(�, m>�Ù¥%�f(�{ã;
(e) d1 � (13 3 6 4)!1 � (15 3 6 6)!2 � (14 3 6 5) Ú 3 � (14 4 4 6) Ä��fì�¤��¹ 55 ��f���º�ìq(�,
m>�Ù¥%�f(�{ã

ã 8 Le��a3 223 K �§µþL§ bcc ìqÚ ICO ìq
�oê8 (a) 9Ù��º� (b) ��m�üzL§

ã 8(a) Ú (b) ©O�Ñ
Le��a3 223 K
�§µþL§ bcc ìqÚ ICO ìq�oê89
Ù � � º � � � m � ü z L §. d ã 8 � �,
3 β- µþ (0.2 < t < 2 ps) Ú α- µþ�Ð©�
ã (2 < t <10 ps), NX¥�3�þ ICO ìq±9
�þº���� bcc ìq, ¿�§��oê8�g
�±3­½�NC. éud 13 ��f|¤�Û�
(�, ICO ü�' fcc Ú hcp ü�äk�$�Û�
Uþ [5], ÏddØÓê8��¡NÄ��fì�¤
� ICO ìqäk�p�­½5, 3(�µþÐ©
�ã¿�<f�Aìq(�. �´ ICO ìqØä
kn�²£±Ï5, �Ùº��O\SAåÅìO
�, ²¿©µþ�
)N [31]. Ïd ICO ìq3 β-
µþ�ã���±�õ�ê8, ��X α- µþ�
ã ICO <fìq»�­ü, ICO ìqoê8:ìü
$, Ó�Nõ bcc ìqÅì/¤. ù
 bcc ìq²
{�½)��m3 tC ≈ 20 ps ?÷v¤Ø^��,
Ò¬�po¿
×���, l
 bcc ìq�oê8
Åì~�, 
�� bcc ìq�º�×�O\. ?�
Úd tC = 20 ps ?�� bcc ìq�(�«{ã (X
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ã 9 ¤«) �±wÑ, �.¬Øº��¹� 300 �
�f, Ù¥�f¥y±Ï55Kü�, �´äkØ

5K�AÛ	/.

 

ã 9 Le��a3 223 K �§µþL§ tC = 20 ps ��� bcc ìq�(�{ã Tìq�¹ 312 ��f, d 61 � bcc Ä��
fì�pë(
¤

4 ( Ø

�©æ^©fÄåÆ�{é��7áav�
L§?1
O�Å�[, �âv�L§NX²þ
�fUþ!�f¤�a.Ú¤ìa., ±9 MSD
Ú NGP �ÄåÆëê�üzA�, éLeLN9
åÆ!ÄåÆÚ(�A5?1
�\ïÄ, (JL
²:

1) Le�Na3�p§« (Tm—273 K), Ù9
åÆÚ(�A5�L: Tm ±þ�p§�N�
q, �N��¡N9Ù"�(�A�� 1551,1541
Ú 1431 �é�XÚ¥Ì�(�ü�, NX²{¿

©(�µþ�u)¬z, �´ÙÄåÆA5�X§
Ý�ü$Åìk¤ØÓ, NX��É5ÅìOr;

2) Le�Na3�$§« (273 K—TC), Ù
9åÆ!ÄåÆÚ(�A5þu)²wCz, �
N bcc ¬N(�A�� 1441 Ú 1661 m©wÍO
\, d3(¬Ø%Åì/¤, MSD Ú NGP ÄåÆ­
�3 α- µþ�ÏþÑy��²�;

3) LeLNa3/ØÐÏ,ICO �fìq3 α-
µþ�ãÅì)N, Ó�äk bcc (��d3(¬
Ø%ÅÚ/¤, �.¬Ø�/¤I��½)��m,
Ùº��¹� 300 ��f.
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Rev. B 69 031205
[16] Haberland H, Hippler T, Donges J, Kostko O, Schmidt M, von

Issendorff B 2005 Phys. Rev. Lett. 94 035701
[17] Hou Z Y, Liu R S, Liu H R, Tian Z A, Wang X, Zhou Q Y, Chen

Z H 2007 J. Chem. Phys. 127 174503

056101-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 056101

[18] Hou Z Y, Liu L X, Liu R S 2009 Acta Phys. Sin. 58 4817 (in
Chinese) [ûî�, 4w_, 44� 2009ÔnÆ� 58 4817]

[19] Hou Z Y, Liu L X, Liu R S, Tian Z A, Wang J G 2010 J. Appl.
Phys. 107 083511

[20] Wang S, Lai S K 1980 J. Phys. F 10 2717
[21] Li D H, Li X R, Wang S 1986 J. Phys. F 16 309
[22] Jin Z H, Lu K, Gong Y D, Hu Z Q 1997 J. Chem. Phys. 106 8830
[23] Hoover W G, Ladd A J C, Moran B 1982 Phys. Rev. Lett. 48

1818
[24] Evans D J 1983 J. Chem. Phys. 78 3297

[25] Waseda Y 1980 The Structure of Non-Crystalline Materials (New
York: McGraw-Hill)

[26] Shimoji M (Translated by Guo G Q) 1987 Liquid Metal (Beijing:
Science Press) p219 (in Chinese) [e/1<Í, Hÿ�È 1987
��7á (�®: �ÆÑ��) 1 219 �]

[27] Honeycut J D, Andersen H C 1987 J. Phys. Chem. 91 4950
[28] Kob W 1999 J. Phys.: Condens. Matter 11 R85
[29] Kon W, Andersen H C 1994 Phys. Rev. Lett. 73 1376
[30] Qi D W, Wang S 1991 Phys. Rev. B 44 884
[31] Nelson D R 1983 Phys. Rev. B 28 5515

Simulation study on the dynamic mechanisms of
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Abstract

The solidification process of liquid metal potassium is simulated by using the molecular dynamics method. According to the

evolution properties of average atomic energy in system, bonding type and clustering type among atoms, and the dynamic parameters of

mean-square displacement and non-Gaussian parameter, the dynamic mechanisms in initial nucleation of supercooled liquid potassium

are deeply studied. It is found that the supercooled liquid region can be divided into two different stages according to the evolutions of

thermodynamic, dynamic and structural properties of supercooled liquid. And the potential crystallization nuclei appear in the lower

temperature region of supercooled liquid. It is also found that the potential crystallization nuclei are formed with the disaggregations

of icosahedron clusters during the α-relaxation regime, and the critical size of nucleus is about 300 atoms.
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