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æ^©fÄåÆ�{(Üi\�f³, é Au-Pd �¬B�âf�9­½5?1
�[ïÄ. O�(JL²:

Au-Pd B�âf�L:²wpu Au ü�B�âf
$u Pd B�âf. ÏLO� Lindemann �êuy Au-Pd �¬
B�âf¥� Au �fÄkLz, ,��Ä Pd �f�Lz; Lz¤²{�§Ý«m²w�°uü�B�âf.

'�c: B�âf, Lz, ©fÄåÆ

PACS: 61.46.Df, 64.70.D−, 31.15.xv

1 Ú ó

7áB�âfäk���âfº�Úp�L
¡ - NÈ', ¥ywÍ��º��A!L¡�AÚ
þfº��A, ÏdLyÑ�¬N7á²wØÓ�
ÔnÚzÆ5� [1]. ± Au Ú Pd ��L�B�â
fÏ3zÆxz!1ÆÚ)Ô���+�¥�d
3A^
�É2�'5 [2]. �
?�ÚJpù
B
�âf�xz¹5Ú¿©|^7á�g�A:, C
c5, Au-Pd ��7áB�âf��¤õ/��Ñ
5 [3,4]. ¢����V7áB�âfäkõ«/�,
XØ - �(�!Ü7·Ü�(�� [5,6]. §�´¢
yõõUxz5UÚJpB�âf­½5�­�
å», 
ÏL��p�ê¡V7áB�âfK�?
�ÚJp
L¡�xz¹5 [5], r?
é#.õ�
Ü7B�âf�&¢�ïÄ.

7áB�âf�9­½5éB>fì�ÚB
�xzJ�ïuÚA^äk���¿Â, ÏdÚå

<��r�'5. 8c, <�éB�âf�Lz
A5?1
2��ïÄ, uy7áâf�L:��
Ñ$uo¬âÚ¬G7á, ¿�3LzcÑyL¡
ýLy�; 
�L:�Xâfº��~�
~�,

¥ywÍ�º��A [7]. é Au-Pt V7áB�â
f�ïÄL²: ØØÐ©�©ÙXÛ, Au �fþ�
�u©Ù3L¡þ, 
 Pt ��u©Ù3SÜ [8−10].
ù«Øþ!�©Ù5
u Au äk�$�L¡U.
du Au Ú Pt wÍ�L:�É, ¦�V7áB�â
f�Lz²{
�°�LzL§. ¦+Xd, ®k
�ïÄ�õê8¥3Ø�(�Ú·Ü�(�, 
é
�'5��¬¡(��B�âf. du Au Ú Pd �
¬�~êé�C, §�/¤���{�¬N(�´
�U�. 
�, ��¬¡B�âf�±¿©u�z
«7á�g�`:, ´¢yVõUxz5U�­�
å». Ïd, �©òæ^©fÄåÆ�{(ÜõN
�p�^³, mÐ Au-Pd ��¬¡B�âf�ïÄ
ó�, ­:ïÄTB�âf3,§L§¥��(�
üzÚLz1�.

2 �[�{�L§

� © � [ À � � � f m � ^ ³ ´ þ f ?
� Sutton-Chen (Q-SC) .õN³ [11]. �â Q-SC
å|, XÚ�o³U�±Lã¤

U =
∑

i

Ui =
∑

i

ε

[∑
j>i

V (Rij) − c
√

ρi

]
, (1)
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Ù¥, V (Rij) ´é³�, L« i �f� j �f�m
�Ø - Øü½�^, §äk±e/ª:

V (Rij) =
(

a0

Rij

)n

, (2)

ρi ´ i �f�Û�>Ö�Ý, deª�Ñ:

ρi =
N∑

j 6=i

φ(Rij) =
N∑

j 6=i

(
a0

Rij

)m

, (3)

þ¡nª¥, Rij ´ i �f� j �f�m�ål, a0

´¬�~ê, c ´Ãþj�ëê, ε ´Uþ�IÝÏ
f, n Ú m ´�ê�÷v n > m. éu Au 7á,
ù
ëê©O� n = 11, m = 8, ε = 7.8052 meV,
c = 53.581 Ú a0 = 4.0651 Å; 
éu Pd 7áK
� n = 12, m = 6, ε = 3.2864 meV, c = 148.205,
a0 = 3.8813 Å. éu Au-Pd �m��p�^ëê,
Kd±e5K(½: m Ú n �ü«7á��ê²
þ, Ù¦ëêK�AÛ²þ. ù«�{®�Nõï
Ä¤æ� [8].

�
�EB�âf�Ð©�., ·��â¡%
á�(�A:, |^¬Nü��±Ï5, ±ýk�
½��»���� Au-Pd �¬¥/B�âfXã 1
¤«. �.¥B�âf��»� 4.27 nm (�¹ 2779
��f). ��é', ·���E
äk�Ó�f�
ê�X Au ÚX Pd B�âf, ½w«3ã 1 ¥. é
���B�âf, ·�Äkæ^�ÝFÝ�{ [12]

ò§�µþ�Uþ4��. ²L¿©µþ�, B�
âf?3Ä�e�­½G�.

�
ïÄB�âf�9­½5, ·�é 0 K
eµþ���B�âfæ^©fÄåÆ�{�[

\9L§, §Ýl 0 K Åì,� 2000 K, zg§
Ý4O� ∆T = 50 K. 3L:NC, §ÝOÌU
� ∆T = 10 K, ±B�O(/(½L:ÚJøL
z�[!. 3z�§ÝeB�âf�µþ�mþ
� 200 ps, þ�§Ý�[��� /��e�§Ý
�[�å© /. 3z�§Ýeµþ²ï�, ��
�� 25 ps éB�âf�Ônþ?1ÚO²þ. Ó
�, B�âf¥z��f�$Ä;,��P¹e5,
��¡��(�üz©ÛJøÄ:. 3B�âf
\§L§¥, ·�æ^ Nose-Hoover N§ [13], rX
Ú�§Ý�±3�½�; Úî$Ä�§�È©Kæ
^ “�a” �{. �[�>.^�æ^gd>.^
�, �[�mÚ��½� 1.0 fs.

3 (J�?Ø

�
u� Q-SC õN³å|�k�5, ·�k
�yü¬á��(J. ��5`, ¬N3u)Lz
�, §��³U¬Ñy�[, Ïd�±ÏL³U�
§Ý�'X5(½§��L:. ·�ÏL©O�
[7áü¬�\9L§, ��
³U�§Ý�C
z­�, l
(½
 Au Ú Pd �L:©O� 1380
Ú 1860 K. ù�O��Ñpu¢��L:� 1338
Ú 1827 K[14]. ��Ä�¢�á�¥�3XL¡Ú
.¡�"�, ù¬��L:3�½§Ýþü$, Ï
d, ·��[�(JÑpu¢��´Ün�. ùL
² Q-SC õN³¼êU
�Ð/�N Au Ú Pd 7
á�9åÆ5�.

� � � � � � � � �
ã 1 �©æ^�B�âf��.«¿ã (a) Au-Pd �¬B�âf; (b) X Au B�âf; (c) X Pd B�âf

ã 2 ¥�Ñ
n«B�âf3,§L§¥�
³U�§Ý�Cz'X. lã 2 �±w�: B�â
f3$§�, ³U�§Ýþ,
¥y�5O\; 

�§Ý�L 900 K �, ³U�§Ý�'X²w 

l
�5'X, ³U,p��Ý\¯. Ï~�¹
e, L:�(½�³Ué§Ý�FÝ�����
��§Ý [15]. Ïd, ÏLã 2, ·��±(½ Au,
Pd ±9 Au-Pd B�âf�L:©O� 1000, 1320
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Ú 1200 K. dd�±w�: B�âf�L:(¢²
w$uü¬á�, ù«y�3B�á�¥²~�*
	�, ¿��8ÏuB�âf�p'~�L¡�f
Úå�$L¡ýL§Ý; Ü7B�âf�L:TÐ
0uü«ü�B�âf�L:�m, ùL²ÏLÜ
7�±wÍJp$L:7áB�âf�9­½5.
��5¿�´: éuü�B�âf, §�3Lz«
�NC, ³U�X§Ý´üNþ,�, 
Ü7B�
âf�³U�X§Ý�O\Ñy
þeÅÄ; �d
Ó�, ü�âf�³U3L:?LyÑÍ��þ,
¸, 
�¬âf�³UO\ª³��²�, ¤²{
�§«���. �§ÝpuL:�, ³U�§Ý�
,pqÑy
�5�þ,. d�, duB�âf®

²��L���, §Ý�,pòÚå�fmålO
�ÚÃSÝ�O\, Ïd§�³U�¬��,p.� � � � �� �� �� � � �� � � �� � � 	� � � 
� � � �� 
� � 
 � � � � � � � � � �� �

ã 2 B�âf�³U�§Ý�Cz

� � � � � � � � �
� � � � � � � � �

ã 3 3ØÓ§Ýe Au-Pd �¬B�âfµþ�(��¿¡ã (a) 300 K; (b) 10000 K; (c) 1080 K; (d) 1180 K;
(e) 1210 K; (f) 1500 K

þãïÄL²B�âf�Uþ�X§Ý�,
p
O\, ¿�3�½§Ý���L���. �X
§Ý�,p, ��¬¡B�âf�(�Ú/G�ò
u)Cz, ù«Czò��K��§�ÔnÚzÆ
5�, 
�B�âf3,§L§¥�UþCz�§
�(�´���'�. �
?�Ú&?UþCz
��Ï, ·�ÀJ
8�;.§ÝeB�âf�µ
þ�(�5\±`². lã 3(a) ¥�±w�, 3~

§ (300 K) e, Au-Pd B�âf�±XûÐ�¡%á
�¬�:
(�. �'ã 1 ¥��µþ�±9Ä�
eµþ���fü�(�, §�/GÚ(�¿vk
?ÛCz. ù«ûÐ�kSü����±� 900 K.
�X§Ý�?�Ú,p, 3 Au �L¡þÑy
²
w�L¡ýL, ù«y�3 1000 K ���²w (�
ã 3(b)); duü� Pd �L:puü� Au, �'�
e, Pd L¡��fü���kS. �§ÝUYþ,
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� 1080 K � (�ã 3(c)), ·�w� Au �L¡ýL
3?�Ú/�S*Ð, 
�, L¡þ�Ü© Au �f
m©� Pd �L¡*Ñ. �âfSÜ� Au �fE
,�±
�Ð�¡%á�(�. ��5¿�´, 3
T§Ýe, Ó����X Au B�âf%@®Lz.
ù`² Au-Pd ��¬¡��3\�
 Au �¬N
(�, Jp
§��Lz§Ý. 3 1180 K �, ·�
w�¤k� Au �f®²��Lz, ¿�*Ñ� Pd
�¤kL¡«�, ò�Lz� Pd �f�äå5, X
ã 3(d) ¤«. �§Ý�� 1210 K, pu Au-Pd �L
:�, ¤k��fþ®Lz, Au Ú Pd �f/¤�
�pLN (�ã 3(e)). §Ý?�Ú,p, ò¬Úå§
��pL\ì, Xã 3(f) ¤«. l��Lz��(
�5w, L¡þ� Au �f���õ�
, 
 Pd �
f���u©Ù3SÜ.

±þïÄL²: B�¬â3��Lzc, L¡
Ñy
ýLy�, ¿�¬â�/Gu)
Cz. �

?�ÚïÄL¡Û�ýL±9Lzu)�L§,
�©Ú?
 Lindemann �ê [16] ù��â?1

L�. éud N ��f|¤�XÚ, 1 i ��f
� Lindemann �êdeª�Ñ:

δi =
1

N − 1

∑
j( 6=i)

√〈
R2

ij

〉
− 〈Rij〉2

〈Rij〉
, (4)

��XÚ� Lindemann �êKdeª�Ñ:

δ =
1
N

∑
i

δi, (5)

d?, 〈 〉 L«�m²þ. Lindemann �ê�Ð^u
ïÄNá��Lz1�. Lindemann �â´��d
�ê?u 0.1—0.15 ���S�, ¿�XLzu),
äNê��á�k' [16]. 
éuB�âf�Lz,
T�ê��.���3 0.03—0.05 �m [17].

du�¬B�âf´dü«L:ØÓ���
�¤�, Ïd, ék7�òùü«����f©O
\±ïÄ, ü«����. Lindemann �ê�±Ï
LO�ü�B�âf�LzL§��. ã 4 �Ñ

�X§Ý,p, ü«�f3ü�âf¥� Lin-
demann �ê�Cz�¹. lã 4 �±w�, 3$
§e, T�ê�X§Ý�,p
�5O\; 
��
Ó§Ýe Au B�âf� Lindemann �ê²w�
pu Pd B�âf, `² Au ��f�Ä5�r, Ï
d9­½5��, ù� Au �L:$u Pd ´��
�. �§Ý��Lz§Ý�, Lindemann �êu)

�[. Ïd, ·��±(Ü§��L:(½�g
� Lindemann �ê��.�. éu Au Ú Pd, ù�

�.���©O� 0.035 Ú 0.045, Xã 4 ¥J�¤
«. � Lindemann �êpuù��.��, ¿�X
T7á®²��Lz
.

·�æ^þã(½� Lindemann �ê�.�,
5?�Ú©Û Au-Pd �¬B�âf�LzL§.
�â (4) ª�±��ØÓ§Ýez��f� Lin-
demann �ê. Ïd, �±©OÚO�¬âf¥ Au
Ú Pd �f� Lindemann ²þ�, O�(JXã 4
¤«. ã 4 ¥­�LyÑ
�ü�âf��ØÓ�
A�, ù´dÙ3�¬âf¥U�pK�, Ïdä
k��ØÓ�Lz1�¤û½�. dã 4 ��: Au
�f� Lindemann �3 1090 K ��L
§��.
�; 
 Pd �f3 1200 K �â�L. �â Lindemann
�â��, ã 3(a) ¥m>� Au �f�'�>� Pd
�f��ÛLz§Ý�$ 110 K. ùL²3��¬
¡B�âf¥, LzL§´�þ!!©�ã?1�.
ù�LzL§²w/�'ü�B�âf��. ·
�±c�ïÄL²: �Uþ�§Ý�'X²w l
�5�, ù�¿�XL¡Lz�Ñy [18]. Ïd, �
±�âã 2 oÑ/�O Au Ú Pd ü�B�âfl
L¡ýL���Lz, ¤²{�§Ý«m3 150 K
�m. �éu Au-Pd B�âf, §�Lz¤²{�
§Ý«m�L 250 K. 
lã 4 ¥�±�[�/w
�, 3ù 250 K �§Ý��S, �¬âf¥ Au �
õ/?uÙ�.�±þ, 
 Pd �õ/?uÙ�.
�±e, ùL² Au �Lz�@u Pd. Lz§«�
*�g,�8Ïuü«7á�L:äk²w��
É. §��L:�É��, LzL§¤²{�§«
Ò��. ,	, ·�ATw�, �,��¬¡��3
wÍ/Jp
 Au �f�L:, �Ó��ü$
 Pd
�f�L:. � Au-Pd B�âf��Lz�, §�
� Lindemann �êq¥y�5�þ,, �ü�B�
âf�Czª³´aq�.

Au-Pd(Pd)
Au-Pd(Au)
Au
Pd

0

0.04

0.08

0 600 1200 1800

/K

Pd

Au

ã 4 B�âf� Lindemann �ê�§Ý�Cz'X
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4 ( Ø

� © æ ^ © f Ä å Æ � { ( Ü þ f ?
� Sutton-Chen .õNå|, é Au Ú Pd �¤�
��¬¡B�âf�9­½5?1
O�Å�[
ïÄ. ��'�, ·��ïÄ
Ó���� Au Ú Pd
ü�B�âf. ïÄ(JL²: Au-Pd �¬B�â
f�L:�²wpu Au B�âf
$u Pd B�
âf. ÏLÚ\ Lindemann �ê5ïÄ§��L

zL§uy, Au-Pd �¬B�âf¥y
²w��
þ!LzA�: = Au �fkýL���Lz, ,
� Pd 2ýL��ÛLz. TLzL§¤²{�§
Ý«m²w'ü�B�âf�°. du Au Ú Pd �
m��p�^, �� Au �fLz�, �Ä Pd �f
3�$�§Ýeu)Lz. Lz�� Au �f��
u©Ù3L¡þ, 
 Pd �fK��u©Ù3SÜ.
�©�ïÄò�Ü7B�âf�¢���ÚA^
ïá
nØÄ:, ��#.B�7áxzJ�ïu
Jø
�Æ�â.
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molecular dynamics study∗
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Abstract

In this paper, we present an investigation on thermal stability of Au-Pd eutectic nanoparticle by using molecular dynamics sim-

ulation with embedded-atom potential. The results show that the melting point of Au-Pd eutectic nanoparticle is remarkably higher

than that of pure Au one but lower than that of Pd one. By the analyses of Lindemann index, it is found that Au atoms first melt, then

induce the melting of Pd atoms. The temperature range of melting is broader for Au-Pd eutectic nanoparticle than that for Au and Pd

nanoparticles.
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