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æ^©fÄåÆ�{é Ca70Mg30 Ü7¯�v�Àæ/¤L§?1
O�Å�[, �\©Û
� - �Àæ=C
L§9åÆ!ÄåÆÚ(�A5�=CÅn, éØÓ�{¤(á�Àæ=C§Ý�m�'X?1
&?. (JL
²: ��[O�¤¼�� Ca70Mg30 7áÀæ�(�ÏfÚÀæ=C§Ýþ�¢�(JÎÜ, ���¡NÛ�(
�é Ca70Mg30 7áÀæ�/¤åû½5�^. du±��f/¤�]� “<f�A”, Le�NÄåÆA5Åì 
l Arrhenius 5Æ÷v��ÍÜnØ���ê5Æ. ÄåÆÀæ=C§Ý�Cu�*(�Àæ=C§Ý, �pu9
åÆÀæ=C§Ý; �§��n�ÄåÆÀæ=C§Ý�m÷v Odagaki 'X.

'�c: 7áÀæ, ¯�v�, ©fÄåÆ�[, Àæz=C

PACS: 64.70.Pe, 64.70.Qj, 71.15.Pd, 81.30.Fb

1 Ú ó

g 1960 c Duwez � [1] Ägæ^��Ü7:
eEâ��Ñ7áÀæ�, � - �Àæ=C��´
nØÚ¢�ïÄ�9: [2,3]. �Àæz=C´��
��X9åÆ!ÄåÆÚ(�A5Cz�E,L
§, î8��, � - �Àæ=C��*ÅnE,´v
à�Ôn¥��)û�¯K�� [4,5].

Àæ/¤L§NX(�A5 (�Ý!(�Ïf
�) É§Ý�K���, � Wendt Ú Abraham[6] u
yNXVN©Ù¼ê1��4��Ú4���'
Ç R = g(r)min/g(r)max 3��ÚÀæ�©O�§
Ý�5ü$, �¥yØÓ�Cz�Ç, l½Â
���ÚÀæ�����:�� - �Àæ=C:.
ù«(½Àæ=C§Ý�²��â{ü´1, l
��2�A^ [7−11]. �þïÄ [12−14] �L²: À
æz=CL§NXá§kS(�, AO´��¡
N(�, 3Le�N§«wÍOr, �ÙO��Ý
3Àæ§«�{¢, l�òá§kS(�O��

$:��� - �Àæ=C:. Àæ/¤L§NX
ÄåÆA5 (*ÑXê!ÅÝ�) ¥y²w�§Ý
�65, Götze Ú Sjögren[15] 3k'��nØ�Ä
:þJÑ
Àæ=C�ÄåÆ�., =��ÍÜn
Ø (Mode-Coupling Theory, MCT). TnØýóÀæ
=CL§Le�N3§Ý Tc ?, dü�� α- ¶þ
©�¤ α- ¶þÚ β- ¶þ; �3�.§Ý Tc ±
þ, NX*ÑXê�§Ý�Cz÷v��ê5Æ.
�þ¢�ÚO�Å�[ïÄ�y
 MCT nØ��
(5, lTnØ¤�8c)ºÀæz=CÄåÆ
Ån�¤õ��*nØ�� [4]. ,, dNX9å
Æ!ÄåÆÚ(�A5üz5Æ¤(á�Àæ=
C§Ý:  Ø¦�Ó, ÏdïÄØÓ�{¤(á
�Àæz=C§Ý�m�'X, éu�\n)� -
�Àæ��*Ånäk�¿Â.

3¢�¿U
¼����7áÀæNX¥,
Ca-Mg Ü7´�k�dü«{ü7á�¤�Ü
7NX, áÚ
¯õÆöéÙ?1
ïÄ [16−20].
Suck � [16] æ ^ � � 5 ¥ f Ñ � E â Á � ÿ
½ 
 Ca70Mg30 7 á À æ � Ä � ( � Ï f Ú ª
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Ì © Ù ¼ ê; Hafner[17] Ä u � . � ³ n Ø �
	 Ca70Mg30 7áÀæ��f(�Ú�ÄA5;
�À=Úo�S [18] æ^©fÄåÆ�[Eâ,
ïÄ
 Ca70Mg30 Le�N��*ÄåÆ1�; Qi
Ú Wang[19] é Ca70Mg30 7áÀæ¥�á§kS(
�A�?1
�\©Û; �C, ûî�� [20] ?�
Ú�²
 Ca70Mg30 7áÀæ¥�¥§kS(�A
�. �©[3�kïÄó� [20−22] �Ä:þ, æ^
©fÄåÆ�{é Ca70Mg30 Ü7¯�v�Àæ/
¤L§?1O�Å�[, �\©Û� - �Àæz=
CL§9åÆ!ÄåÆÚ(�A5�=CÅn, é
ØÓ�{¤(á�Àæ=C§Ý�m�'X?1
&?.

2 ©fÄåÆ�[�Ä�L§

��[Äkò 10000 ��f (7000 � Ca �f,
3000 � Mg �f) �Å�u��á�Ýf¥, ¿U
±Ï5>.^�$1. Ù�fm�p�^³æ^
d Wang � [23,24] uÐ�2Â�Û��.�³, d
³¼êU
�(�N�þ{ü7áÚÜ7�9å
Æ!ÄåÆÚ�*(���¡�A5 [23−25]. $Ä
�§�¦)æ^ leap-frog �{, �mÚ�� 2.5 fs.

�[O�l 1123 K m© (Ca70Mg30 Ü7�
L:�� 970 K). Äk4XÚ3 1123 K �§$
1 50000 Ú, ¿ Ï L u ÿ X Ú U þ � C z ( �
Ù 3 d§Ý e X Ú ¿ © ² ï; , � ¦ ^ “� Þ
å�{”[26,27](�¡�pd9ú) ��XÚ�§Ý
± 1 × 1012 K/s ��e�5eü� 273 K, Ù¥z
� 50 K éXÚ�§¶þ 500 ps, Ó�P¹z��f
� �Ú�Ý�I��m�Cz'X. ��ÿ½7
áLN¯�v�L§NX²þ�fUþ, �f¤�
a., ±9þ� £Ú*ÑXê�ÄåÆëþ, ©
ÛÀæ/¤L§9åÆ!ÄåÆÚ(�A5�ü
z5Æ, �\&?Àæz=C��*ÄåÆÅn.

3 �[O�(J�©Û

3.1 ÀÀÀæææ===CCCLLL§§§(((���AAA555���üüüzzz

VN©Ù¼ê PDF �N
NX¥���f±
�Ù§�fÑy�AÇ, � X ��û�¢�¤¼�
�(�Ïf S(Q) p� Fourier C�, Ï§�2�
^5£ã��!�¬�Ú¬�NX�Û�(�A
�. ã 1 �Ñ
 Ca70Mg30 Ü7LN¯�v�L§

¥�VN©Ù¼ê�§Ý�üzL§. dã 1 ��,
�X§Ý�ü$, g(r) ��1�¸ÅìCb!C
p, L²NXS���f¤�AÇ�5��, á§
kSÝÅìJp. 3¿§ 273 K �, g(r) ��1
�¸®²²w3�¤ü�g¸, ù�´Àæ(�
��A���, L² Ca70Mg30 7áÀæ�/¤.
ã 2 ¥?�Úò��[¤¼�Àæ� (323 K) e�
(�Ïf S(Q) �¢�(J [28] ?1'�. ��, �
[(JØ
1�¸�pÝ�¢��$±	, Ù§�
¸� �ÚpÝþ�¢�(J�Î. �â Vollmayr
�< [29] é SiO2 ¯�v��¬L§��[ïÄ
��, �¬/¤L§�p�e�òwÍ~$ S(Q)
1�¸�pÝ, �é1�¸�pÝK���. �
Ä���[O�¥æ^�e%�Ç�pu¢��
¹, ��[O�O(�N
 Ca-Mg Ü7NX3�
*(��¡�Ôn��. æ^ Wendt-Abraham '
Ç R = g(r)min/g(r)max �{ [6], Xã 3 ¤«, ÿ
�ÙÀæ=C§Ý TWA

g �� 540 K, Àæ=C:
éA� Wendt-Abraham 'Ç R = 0.12. �,8c
·��vk¼� Ca70Mg30 Ü7Àæ=C§Ý��
�¢�ÿ½êâ, �'� Li � [7] ÏL¢�êâæ
^���{¼��Àæ=C§Ý TWA

g ≈ 562 K Ú
�A� Wendt-Abraham 'Ç R = 0.12, uyüö
Ä���, dd?�ÚL²
��[O�O(�N

 Ca-Mg Ü7NX3�*(��¡�Ôn��.

ã 1 Ca70Mg30 Ü7¯�v�L§�VN©Ù¼ê�§Ý�
Cz'X.§Ýl 1123 K(.Ü) �gü$� 273 K(ºÜ),§Ý
m�� 100 K

duVN©Ù¼ê�U�Ná§S(���
�ÚO&E, ØU�N�füÙ�AÛA:. �
é©ÛEâ [30] ´8c£ã��!�¬�Ú¬�
NX�f(�|�9Ù�p=CL§¥�*(�
üzA:��«k��{. �é©ÛEâæ^o
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��ê ijkl 5£ã,é�f�±��f�¤�G
¹, 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«,«(�, =^cn�
�ê´Ø
�, ¤±éucn��ê�Ó(�Ø
Ó�G��^1o��ê l �5\±«©. �æ^
�é�ê5£ãÛ��f(�|��, 3;.��
½�¬�¥, ± 1551, 1541 Ú 1431 �é��þ�
3�A�; éu�A��«¬N(�, BCC ¬N
(�± 1441 Ú 1661�A��é; FCC ¬N(�K
± 1421�A��é; L� HCP ¬N(��A��
é� 1421 Ú 1422.

ã 2 Ca70Mg30 7áÀæ3 323 K ��(�Ïf S(Q)

ã 3 Ca70Mg30 7áÀæ/¤L§ Wendt-Abraham 'Ç R �
§Ý�Cz'X

ã 4 �Ñ
 Ca70Mg30 7áÀæ/¤L§¥
A«Ì��.��éê8�§Ý�CzL§. d
ã 4 ��, Ca70Mg30 Ü7LN¥�¹
�«ØÓ
a.��., Ù¥���¡NÚ"���¡N(

����'� 1551, 1541 Ú 1431 �.©ªÓoê
� 50% ±þ, éNX�*(�A5åû½5�^.
�X§Ý�ü$, �k 1551 �.�ê8×�O\,
ÙO��Ý3 573 K NCm©²w~�; Ù¦�
¬N(��'� 1441, 1661, 1421 Ú 1422 �.Ù
ê8Cz��. �, 1551 �.�§ÝCz��
$: 573 K �ã 3 ¥æ^ Wendt-Abraham 'Ç R

¤(½�Àæ=C§Ý 540 K �~�C, XJæ^
�ü^����:5(½�{, d$:ò3 573 K
� 523 K �m�A3 540 K �m, Küöò���
Î. dd��, ��¡NÛ�(�é Ca70Mg30 7á
Àæ�/¤åû½5�^, dNX�*(�üC5
Æ¤(½�Àæ=C§Ý T Str

g � Wendt-Abraham
²��â¼��(J TWA

g ��.

ã 4 Ca70Mg30 7áÀæ/¤L§�«�é�éê8
�§Ý�Cz'X

3.2 ÀÀÀæææ===CCCLLL§§§999åååÆÆÆAAA555���üüüzzz

ã 5 �Ñ
 Ca70Mg30 7áÀæ/¤L§NX
²þ�fUþ�§Ý�Cz'X. dã 5 ��, U

ã 5 Ca70Mg30 7áÀæ/¤L§NX²þ�fUþ�§Ý
�Cz'X
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þ�3p§���§Ý�5ü$, �3 673 K§
ÝNCÅìm© l�5'X, ¿�§ÝëYCz;
3 420 K§ÝNC, Uþ��§Ýq¡E�5'
X, ��p§���'���ÇØÓ. dd��, L
e�N3 673 K§ÝNCÅì l²ï�N, Àæ
�N3 420 K§ÝNCÅì/¤, Àæ/¤L§9
åÆ=C§Ý TCal

g ≈ 420 K, �$u�*(�=C
§Ý T Str

g ≈ 540 K.

3.3 ÀÀÀæææ===CCCLLL§§§ÄÄÄåååÆÆÆAAA555���üüüzzz

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«NX
�¹�f�ê8. du Ca Ú Mg �f� MSD �§
ÝCz5Æ�~�q, ùp��Ñ Mg �f� MSD
3ØÓ§Ýe��m�üzL§, Xã 6 ¤«. �
±wÑ, 3m©��á�mS (< 0.1 ps), MSD ��
m��g��'é, d��f��Ä$Ä. 3��
�mã (> 10 ps), �§Ýpu 673 K �, MSD �
��m¤�''XO�, d��f��§*Ñ$Ä.

ã 6 Ca70Mg30 7áÀæ/¤L§ØÓ§Ýe MSD ��m�
üCL§. §Ýl 973 K(ºÜ) �gü$� 273 K(.Ü),§Ým
�� 100 K

3¥m�mã (0.1—10 ps), �§Ý$u 673 K �,
du±��f/¤� “<f�A” åPX�f�*
Ñ$Ä, �åP�fI��½�mâUÀÑ<f�
åP, ù� MSD �¥y��O��Ç���²
�; ��X§Ý�ü$, �åP�fÀÑ<f¤
I���mÒ��, ²�Ly�Ò�²w. 3Àæ

�, �§Ý$u 373 K �, 3¤�[ïÄ��mºÝ
S, �f���åPu±��f�<f¥vu)
�§*Ñ, MSD ���¥y²�«�. 3��Í
ÜnØ¥, �<f�A�'é�ÄåÆ�ã¡� β-
¶þ, �e5<f»�üL§¡� α- ¶þ.

�âOÏd"'X

D = lim
t→∞

1
6t

〈
r2(t)

〉
, (2)

� ± � â MSD O � Ñ N X * Ñ X ê. ã 7 �
Ñ Ca70Mg30 7áÀæ/¤L§ Ca Ú Mg �f
*ÑXê�§Ý�üCL§. �
½þïÄ*ÑX
ê�§Ý�Cz'X, 3p§��Ú$§Àæ�,
*ÑXê©Oæ^ Arrhenius �§

D(T ) = DArrh
0 exp[−QArrh/RT ], (3)

?1[Ü. 3p§��ÚLe��, *ÑXê©O
æ^ MCT ýÿ���êL�ª

D(T ) ∼ |T − Tc|γ , (4)

Ú Vogel-Fulcher-Tammann (VFT)[31−33] �§

D(T ) = DVFT
0 exp[−QVFT/(T − TVFT)], (5)

?1[Ü. Ù¥, (3)—(5) ª¥�ëê�[Ü(J©
O�uL 1 ¥. �
�ßå�, ã 7 ¥��Ñ Mg
�f*ÑXê��«[Ü�. kã 7 ��, *Ñ
Xê�§Ý�Cz�±y©�n�§Ý«m. 3
p§��Ú$§Àæ�, *ÑXê�§Ý�Cz�
Ì Arrhenius �ê5Æ; �Àæ�e Ca Ú Mg �
f�*Ñ-¹U QArrh þ'Ù���p, ��ÚÀ
æ�e, Ca �f�*Ñ-¹U QArrh ²w' Mg �
f�p. ùL²�þÚº���� Mg �f' Ca
�f*Ñ�¯, $§Àæ��f'p§���f*
Ñ�ú, *Ñ-¹U��fº�Ú§Ý�m�'X,
�N
*ÑÅn�Ä�A: [34]. Le�N3 673 K
§ÝNC, NX*ÑXêÅì© l Arrhenius 5
Æ. �§Ýpu 573 K �, *ÑXê�§Ý�Cz÷
v MCT 'X; �§Ýpu 523 K �, *ÑXê�§
Ý�Cz÷v VFT 'X. �, dL 1 �±wÑ, Ca
Ú Mg �f� MCT �ê γ Ú�.=C§Ý Tc Ä
��Ó, ©O� γ = 1.86 Ú Tc ≈ 535 K, ùL²Ü
7NX¥ MCT �êÚ�.=C§ÝþØ��fa
.u)Cz, ÎÜ MCT éÙýÿ [35]. *ÑXê÷
v MCT 'X�4�§Ý�� 573 K≈ 1.07Tc, ÷
v VFT 'X�4�§Ý�C Tc, ùL² MCT �ê
5Æ�U£ã§Ýpu 1.07Tc Le�N�ÄåÆ
5�, d(J� Han Ú Teichler[36] é Cu60Ti20Zr20
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7 á À æ � � [ ( J � �. À æ / ¤ L § Ä å
Æ=C§Ý TDyn

g ≈ 535 K ��*(�=C§
Ý T Str

g ≈ 540 K Ä���, � T Str
g ≈ TDyn

g ≈
1.28TCal

g , §�Ú VFT �§¤(á�n�ÄåÆ
Àæ=C§Ý TVFT �m÷v Odagaki 'X [37,38]

(TDyn
g − TVFT)/(TDyn

g − TCal
g ) ≈ 2.

�
���ßÐyÀæ/¤L§NX�f
�ÄåÆ1�, ã 8 �Ñ
�� (973 K)!Le
�� (673 K) ÚÀæ� (523 K) eNX Mg �f
3 500 ps µþ�me�$Ä;,. 3p§��, X
ã 8(a) ¤«, NX�f�Ã5K�9$Ä, �ä
k�r�6Ä5, ÏL�§*ÑU
[£��[�
m�Ü© �. �X§Ýü$�Le§«, Xã 8(b)
¤«, duü��f3á�mSÉ�uÙ±��f
/¤�]�<fS, ¿3��mS¬<Ñ<f�å
P, NX�fØä��Ä$ÄÚ�Å[£. �X§
ÝUYü$�Àæ§«, Xã 8(c) ¤«, duNX

�f9$ÄUå�X§Ý�ü$eü, �åP�
f��É�u<fS, Øä��Ä$Ä.

ã 7 Ca70Mg30 7áÀæ/¤L§ Ca Ú Mg �f*ÑX
ê�§Ý�üCL§. �J�!áJ�Ú¢�©O´éÙ
?1� Arrhenius �§[Ü!VFT �§[ÜÚ MCT ��ê
�§[Ü�

L 1 æ^ Arrhenius �§!VFT �§Ú MCT ��ê�§é*ÑXê?1[Ü�, �§ (3)—(5) ¥�[Üëê

[Ü�§ ëê Ca Mg

Arrhenus (�N)
DArrh

0 /(cm2/s) 3.00 × 10−3 2.02 × 10−5

QArrh/(J/mol) 34330 10970

MCT
Tc/K 534 535

γ 1.86 1.86

VFT
DVFT

0 (cm2/s) 8.11×10−4 9.78×10−4

QVFT/(J/mol) 16632 16504

TVFT/K 285 288

Arrhenus (Àæ�)
DArrh

0 /(cm2/s) 3.68×10−3 2.27×10−5

QArrh/(J/mol) 34411 19226

ã 8 �N 973 K (a), Le� 673 K (b) ÚÀæ� 523 K (c) e�§µþ 500 ps �, Mg �f3 XY ²¡þ�$Ä;,. �

�ßå�, (a)—(c) ã¥©O�Ð«
 2 �!3 �Ú 9 �ØÓ�f�$Ä;,

4 ( Ø

�©æ^©fÄåÆ�{é Ca70Mg30 Ü7¯
�v�Àæ/¤L§?1
O�Å�[, �â� -

�Àæ=CL§NX²þ�fUþ, �f¤�a.,
±9þ� £Ú*ÑXê�ÄåÆëþ, �\ïÄ

� - �Àæz=CL§9åÆ!ÄåÆÚ(�A
5�=CÅn, (JL²:
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1) �[O�¤¼�� Ca70Mg30 7áÀæ�(
�Ïf�¢�(JÎÜ�Ð, d Wendt-Abraham ²
��â¤(½�Àæ=C§Ý TWA

g �� 540 K, Ù
ê��ÏL¢�êâæ^���{¼��Àæ=
C§Ý��, ��[O�O(�N
 Ca-Mg Ü7N
X3�*(��¡�Ôn��.

2) ��¡NÛ�(�é Ca70Mg30 7áÀæ�
/¤åû½5�^, dNX�*(�üC5Æ(½
�Àæ=C§Ý T Str

g � Wendt-Abraham ²��â

¼��(J TWA
g ��.

3) du±��f/¤� “<f�A” åPX
�f�*Ñ$Ä, Àæ/¤L§NXÄåÆA5
3 673 K§ÝNCÅì l Arrhenius 5Æ, 3§Ý
pu 1.07Tc ±þ§«÷v MCT ��ê5Æ.

4) Àæ/¤L§ÄåÆ=C§Ý TDyn
g ��*

(�=C§Ý T Str
g Ä���, pu9åÆÀæ=

C§Ý TCal
g , �§��n�ÄåÆÀæz=C§

Ý TVFT
g �m÷v Odagaki 'X.
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Simulation study on thermodynamic, dynamic and
structural transition mechanisms during the

formation of Ca70Mg30 metallic glass∗
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Abstract
The rapid quenching process of Ca70Mg30 alloy is simulated by using the molecular dynamics method. During the liquid-

glass transition process, the thermodynamic, dynamic and structural transition mechanisms are investigated deeply, and the relations
between glass transition temperatures determined by different methods are discussed. It is found that both the simulated structural
factor of Ca70Mg30 metallic glass and glass transition temperature are consistent with the experimental results, and the icosahedral
local configuration plays a critical role in the formation of Ca70Mg30 metallic glass. The dynamic property of supercooled liquid
gradually deviates from the Arrhenius law and satisfies the MCT power law due to the cage effect formed by neighbor atoms. It is
also found that the structural glass transition temperature is close to the dynamic one, and they are higher than the calorimetric glass
transition temperature. The relationship between them and the ideal dynamic glass transition temperature satisfies the Odagaki relation.
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