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�± Á�9�[O��{ØÓ,©Ù|^lÞO�©fÄåÆïÄ
�� Ga, In 9 Ga-In Ü7� (�. u

yÜ7 VN�'¼ê gGaGa(r), gInIn(r) �1�¸� �©O���X Ga ÚX In �1�¸ ��C, gGaIn(r) 1

�¸ ��uX Ga ÚX In 1�¸ ��²þ�, `²�� Ga-In Ü7¥Éa�f¥yü½��, Ga-Ga, In-In ìq

�N´Ñy. 3X Ga, X In ¥Óâ�p¹þ� 1311 �é3��Ü7¥ÓÌ�/ , `² Ga-Ga, In-In ìq��u�

� Ga-In Ü7¥. Voronoi õ¡N©Ûuy, �X In ¹þ�O\, 3 Ga100−xInx ( 306 x 650 at.% ) «�S, Ga �f

±�Ì� êÑyâC, d 12 ü� 10, y² Ga-Ga Ú In-In ìq��u©l. TïÄ(JØÓuÏ~��*Øþ!

�., �«
�� Ga-In Ü7¥ìq©l�Å�.

'�c: Ga-In Ü7, ��(�, lÞO�©fÄåÆ, ìq©l

PACS: 61.20.Ja, 61.25.Mv

1 Ú ó

��7áÜ7�(�éÙ�ªv�|�k­
�K�, Ïd��
2��ïÄ. ��§kS�¬
�Ü7ØÓ�´, ��7áÜ7(��á§kS,

éuá§kS�ïÄ��´và�ÔnïÄ��
�­�©|. ��7áÜ7¥��fdu�p�^

à8, �õê�fÑ?uØÓ(��ìq|Ü�
¥. ìq����7áÜ7�Ä�(�ü�, Ù(
�Ú5�9Ùüz5Æé7áÜ7v�åX�~
­���^.

|^Ï~� X ��û�¢�J±�����
�Ü7� (�¼ê,�
£ã����Ü7�(
��¤©üz, Il’inskii � [1] JÑ
 “�*Øþ!�
.”. �â�*Øþ!�., ��Ü7�@�d��
ü« “�*�f8ì” �¤. ù��.3Nõ��
Ü7¥Ñ´·^�, ~Xäk{ü�¬�ã� Ge-

Sn [2], Ga-Sn[3] �, äk� - ��©l� Ga-Bi [4],

$�äkE,�ã� Ag-In[5], Cu-Ge[6], Fe-Al [7],

Fe-Si[8], Ag-Sn [9] ±9 Cu-Sn [10] �. 3ù
Ü7N
X���(�¥, Éa�f/¤�¥mzÜÔ½ö
a�MNìqéÜ7(�å­��^. 3 Al-Ni Ü
7¥, X ��û� [11]!X áÂ°[Ì [12] y²É
a�f�mzÆ�^/¤aO¬ìqéÜ7(�
å­��^. 3nØïÄ�¡, Gu � [13] ÏLlÞ
O�©fÄåÆy²¥mzÜÔìqé��Ü7
NX Fe-Si Ü7��(�å­��^. Tasci � [14]

ÏL1�5�nO�y²3{ü�¬ Au-Ge Ü7
NX¥�3­½� Au5Ge2 zÜÔ(�, Qin � [15]

ïÄ
�� Cu6Sn5 Ü7���(�, y²
Ü7
¥ Cu—Sn �Ú Sn—Sn ���uÜ7¥. �±w
Ñ, ����Ü7¥, Éa�f�m/¤ìq´<
�éu��Ü7�N(��ÊH@£. ´Ä�3Ó
a�fà8ìq, ùØ=´�­��Æâ¯K, 

�é7á��=C�ó§¯Kk­�¿Â, ��8
�k��.
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$L: Ga-In, Ga-Sn Ü72�^u�xj!
Å�±9�^§ÝO��ó���+�. ïÄÙ�
�Ü7(�, éun)ùaá��v�A5±9
d�A5, ±9mu±d�ÄN�#á�äk­�
¿Â. Gebhardt � [16] ÏL X ��û��{ïÄ

�� Ga-In Ü7 (�)X Ga ÚX In) (�, ¿^�
*Øþ!�.é(�ÏfÚVN�'¼êCz�

)º, ¦�@�, 3L Ga ¤©:, Ü7¥ Ga-Ga

ìqÚ Ga20In80 ìq��, 3L In ¤©:, Ü7
¥ Ga20In80 ìqÚ In-In ìq��, Ga20In80 ìq
´�«a�MN(�. duÊÏ� X ��û�¼
��´�fÚO©Ù�(J, J±¼� (�¼ê,

ÏdÃ{(½ Ga-Ga, In-In ìqUÄ��uù�Ü
7NX¥.

lÞ�©fÄåÆ (AIMD) �{��� (�
U���NÑ��Ü7¥ìq&E, ´�«ïÄÜ
7Û�(��k�Ãã. �©|^ù��{�«

�� Ga-In Ü7¥ìq©ly�9ÙÅ�.

2 O��{

Ä u � Ý � ¼ n Ø [17] Ú � ³ � { [18,19],

AIMD ^ 5 ¼ � � � � � � Ga-In Ü 7 � ( �
&E, O�æ^2ÂFÝCq�{ [20] �Ï^^
� VASP (Vienna ab initio simulation package) [21,22].

3·�� AIMD O�¥, ¦^
�^�³Ú²¡
ÅÄ| [23,24]. �[3���KXÚ¥?1, Ï
L Nosé�ª?1§Ý�� [25].

3þ¡�^�e, ·�ÀJ Ga100−xInx(x = 5,

15, 30, 40, 50, 60, 80 at.%) Ü7¤©:±9X Ga Ú
X In 5?1O�,§Ý��ð½� 433 K. O�3
��ä�>.^���¹ 100 ��f�á�Ýf
¥, ^u�[�� Ga-In Ü7�(�. O�¥æ^
�ê�Ý ρ1 ®²�3L 1 ¥, ù��Ý�²L	
Ø ±10 kbar `z, ê�Ý´�zá�D¥¹k��
fê8. O�¥�^ Γ :5æ�Ùp�«, �â·
�cÏ�Ü©ó� [26,27], Ú��� 3 fs, éu��
Ü7
ó, NX3 433 K eO� 9 ps ±��²ï�.

 VN�'¼ê�±^ (1) ªO�, O�¥æ

^� 6 ps ��.

gαβ(r) = c−1
β ρ−1

0 N−1
α

〈
Nα∑
µ=1

Nβ∑
γ=1

δ {r−(rαµ−rβγ)}

〉
(1)

3 (1) ª¥, cβ Ú Nα ©O��Ü7¥ β ��Ú α

���¹þÚ�fê8, ρ0 ��´�� Ga-In Ü7
�²þê�Ý, rαµ ´� α ��±�1 µ ��f�
 �¥þ, 〈· · ·〉 L«²þ�m.

3 (J9?Ø

Äuþã�O�ëê, ·�ÏL Faber-Ziman

�{ [28] �Ñ
VN�'¼ê­�. ã 1 �Ñ�´
�� Ga-In Ü7oVN�'¼ê­�, ç�L«l
ÞO�©fÄåÆ�[(J,�
�y�[(J�
��5, ùpÓ��Ñ
 X ��û� [16] �(J, ^
��L«. z�¤©:�¢�§Ýpu��� 5 K,

$u�[§Ý, L 2 �Ñ
©z [16] ¢�¤©:�
L:. �Ä�¤©:�C, ^ Ga85In15 O�(J[
Ü�¬ Ga83.5In16.5 ¢�êâ. �±wÑ, 3��e,

�[�¢�(JÎÜ�éÐ, `²·�O��êâ
�±^5� (��ïÄ. �X In ¹þ�O\, 1
�¸� �m£, ù´d In �f�»�u Ga �f
�»E¤�.

ã 1 �� Ga-In Ü7oVN�'¼ê­�

ã 2 (a)—(c) ©O�Ñ
�� Ga-In Ü7ØÓ
¤©:� VN�'¼ê­� gGaGa(r), gGaIn(r),

gInIn(r). lã�¥�±wÑ, 3�� Ga-In Ü7N
X¥,  VN�'¼ê­�¥1�¸pÝ�1�¸
pÝ�'�f, �N¥1�¸pÝ�ìqá§kS
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Ý, L²ù�NX��(�Ì�´dá§S
�¥
§Sû½, ù�,
7á - 7á����Ü7ØÓ,

'X Fe-Al[29]!Cu-Ni[30]. ��@�, ¥§S��3
�¥mzÜÔ�/¤k' [29], 
 Ga-In NX�ù
«(�A:ý«XØN´�3¥mzÜÔ, ù�:
� Ga-In �ã��. L 1 �Ñ
VN�'¼ê1�
¸ ��ê�, Ù¥ rGaGa, rGaIn, rInIn, rtotal ©O
�� gGaGa(r), gGaIn(r), gInIn(r), gtotal(r) ¥1�
¸ �. ∆r ´L�Éa�fm(Ü���ëê, Ï
L±eúªO��Ñ

∆r =
rGaIn − 0.5(rGa + rIn)

0.5(rGa + rIn)
× 100%, (2)

rGa, rIn ©O����X Ga ÚX In �1�� å
l, ùp� 2.75 ÅÚ 3.15 Å. ùpæ^�´O��
êâ, 5guã 2(a) Ú (c). ùü���©z [31,32]

¥���X Ga ÚX In �1�� ålÎÜ�é
Ð,©z [31] ¥, X Ga 3 448 K ��1�� ål
� 2.82 Å, 3 [32] ¥, X In CL:�1�� ål
� 3.14 Å. ��
ó, ∆r �u 0, Éa�f��uü
½©l, ∆r �u 0, Éa�f��u�Ü.

l L 1 ¥ � ± w Ñ, � In � f z © ¹ þ
l 5% O \ � 50% �, rtotal k ² w � C z,

l 2.77 Å O\� 3.11 Å, ý«Xd«�SÜ7Û�
(�k�½�Cz, ù� Ga Ú In �fº��»�
É�k'. 
 In �fz©¹þ�L 50% �, rtotal

ê�CzØ�, Ü7��N(�ªu­½. ��
X Ga ÚX In �1�� ål� 2.75 ÅÚ 3.15 Å,

Ü7¥ rGaGa Ú rInIn ê�3 2.75 Å Ú 3.20 Å N
C, �X Ga ÚX In �ê��C, ¿� ∆r Ñ�u 0,

`²�� Ga-In Ü7¥ Ga � In �f��uü½,

Ga-Ga, In-In ìq�N´Ñy.

·�r±þ(J��� Ga-In Ü7 X ��
û�¢� [16] ��*Øþ!�.�'�. 3�
*Øþ!�.¥, �� Ga-In Ü7¥�3a�M
N Ga20In80 ìq� Ga-Ga (½ö In-In) ìq���
(�, ù��.@� Ga � In �m��p�^ér,

Ü7(�±a�MN Ga20In80 ìq�Ì, ù��.
�"�3u"y��Ü7� (�&E, éJ¼�
Óa�fìq3Ü7¥�Ly. AIMD �±¼� 
(�&El
©ÛÓa�fìqéÜ7(��K
�,  VN�'¼ê©Û�Ñ, Ga-Ga, In-In ìq�
N´Ñy, Éa�f��uü½
éJ/¤a�M
N(�. �
�?�Ú�)º, �e5·�ÏL(
�©ÛÃã�Û�(�&?.

�é©ÛEâ [33] ^ü��f9Ù�±��k
�f�m�¤�'X5£ãùé�f, §´ïÄ�
�(�üC5Æ�­�ëê, U
k�/£ã��
Ü7¥AÛ(�üC�A:. ��·�^o�ë
ê (i, j, k, l) 5L��fém�ù«¤�'X. i L
«ü��f´Ä¤�, eü��f¤�K i = 1, �
� i = 2; j L«ü�¤��f©O�C��f�¤
��éê8; k L²C��f�m�¤��ê8; l

I½3Ù¦n�êi�Ó��¹e
|��k�
O��¹.

L 1 �� Ga-In Ü7ê�Ý9VN�'¼ê1�¸� �

Ü7¤©
Ü7ê�Ý VN�'¼ê1�¸� �

O�ê�Ý ρ1/ Å−3 ê�Ý ρ2/ Å−3 ∆ρ/% rGaGa/Å rGaIn/Å rInIn/Å rtotal/Å ∆r/%

Ga 0.0485 0.0485 0 2.75 – – 2.75 –

Ga95In5 0.0479 0.0478 0.209 2.75 3.00 3.25 2.77 1.69

Ga85In15 0.0464 0.0463 0.216 2.75 3.00 3.23 2.83 1.69

Ga70In30 0.0433 0.0442 –2.04 2.75 3.00 3.23 2.99 1.69

Ga60In40 0.0411 0.0427 –3.75 2.75 2.98 3.23 3.05 1.02

Ga50In50 0.0391 0.0413 –5.33 2.73 3.00 3.15 3.12 1.69

Ga40In60 0.0380 0.0397 –4.28 2.72 2.98 3.18 3.12 1.02

Ga20In80 0.0354 0.0370 –4.32 2.80 2.96 3.17 3.15 0.339

In 0.0341 0.0341 0 – – 3.15 3.15 –
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L 2 ¢�¤©:L:

Ü7 Ga Ga95In5 Ga83.5In16.5 Ga60In40 Ga50In50 Ga40In60 Ga20In80 In

L:/K 303 301 288 333 340 348 376 430

ã 2 �� Ga-In Ü7 VN�'¼ê­� (a) gGaGa(r); (b)

gGaIn(r); (c) gInIn(r)

ã 3 �Ñ
�� Ga-In Ü7¥�é¹þ�¤
©�Cz­�. ùp�Ñ
A«¹þ����é,

d	, ��Ñ
 1551 �é�ÚO�,1551 �é�
L��¡Nìq. lã 3 �±wÑ, 3��X Ga,

X In ¥, 1311 �é¹þ�p, ��
 25%, @Ïé
uX Ga �(�É~5ïÄuy,1311 �é3Ù�

�(�¥ÓkÌ�/  [34], ù� Ga—Ga �ÜU
å�rk', ��X In �äka��(�. 3�
� Ga-In Ü7NX¥, 1311 �éÓ�p¹þ, `²
�� Ga-In Ü7¥ Ga-Ga, In-In ìq��, ù�:
�c¡� VN�'¼êýÿ(J���. In �\
\éJ»� Ga-Ga ìq, In-In, Ga-Ga ìq�Ó�
3u��Ü7¥, l
¦��Ü7¥ 1311 �éÓ
â|�/ . ã 3 ¥��±wÑ, L���¡Nì
q� 1551 �é¹þé$, ù«ìq�3uéõ7
á - 7áÜ7¥, 'X Cu-Zr[35], Ag-Cu[36] �, ù´
�� Ga-In Ü7(�«OuÙ¦Ü7NX���A
:. lã 3 ¥·���±wÑ, z«�é3 Ga60In40

¤©:Ñ�3����½ö���, ù´�«(�
=C�(J.

ã 3 �� Ga100−xInx Ü7¥�é¹þ�¤©�Cz

ù ü « Ó a � f / ¤ ì q é Ü 7 N X �
(�üCkN��K�Q? �e5·�qæ^

 Voronoi ©ÛÃ ã 5 ï Ä AIMD ¥ � ( � �
.. Voronoi õ¡N´�«L�ÿÀ(��õ¡
N, ^ 〈n3, n4, n5, · · · , nj〉 L«, nj ´��¤õ¡
N¥ j >/�ê8, z�õ¡N�AÛ&E�N

¥%�f�C��Û�æ÷'X, ù«©ÛÃã3
·�cÏó�¥��
éÐ�A^ [26,27].

éu��Ü7NX�(�üC5`, ïÄ|©
¥��f±��Û��¸�k¿Â, Ï���f�
N´*Ñ���fìqmYl
¦Ü7Û�(�
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ã 4 �� Ga-In Ü7¥ Ga �f±�� Voronoi õ¡NÚO
(a) Voronoi � ê¹þ; (b) Voronoi õ¡N�ê¹þ

u)UC. ã 4 �Ñ
�� Ga-In Ü7¥ Ga �f
±�� Voronoi õ¡NÚO. ã 4(a) � Voronoi �
 ê�X¤©�Cz­�, î�IL«Ü7¤©:,

p�I���«� ê3¤kõ¡NÚO¥�¹
þ, �±wÑ, �X In ¹þ�O\, �²w�y�
Ò´Ì� ê�Cz, � In �fz©'l 30% O
\� 40% �, Ì� ê�l 12 â,ü� 10, Ü
7Û�(�u)
â,=C, ¿�u)3 l�
¬: Ga83.5In16.5 �«�. ã 4(b) � Ga �f±�
� Voronoi õ¡N�ê¹þ�X¤©�Cz­�,

p�IL« Voronoi õ¡N�ê3¤kÚO¥�
¹þ, 〈0, 3, 6, 3〉, 〈0, 4, 4, 4〉, 〈0, 3, 6, 4〉, 〈0, 4, 4, 2〉
Ú 〈0, 4, 4, 0〉 �êéAuC/õ¡N(�, ù
(
�QØÎÜDÚ� BCC, FCC, HCP ¬�(�, �
Ø´��¡N(�. �±wÑ, � In �fz©'
l 30% O\� 40% �, Voronoi õ¡N|©u)

é��Cz, 〈0, 3, 6, 3〉, 〈0, 4, 4, 4〉, 〈0, 3, 6, 4〉 ¹þ

â,4~� 0.5% ±e, ACu 0, 〈0, 4, 4, 2〉 Ú 〈0,

4, 4, 0〉 ¹þâ,O\, �� 2% ±þ.

�
)ºù«(�Cz��Ï, L 1 ¥·��
Ñ
O�¥`zØå��ê�Ý ρ1 Úê�Ý ρ2,

ρ2 ´�â�fUìM¥�.æÈO�Ñ5�ê�,

Ø�Ä�fm��p�^, ∆ρ ´�üö���, O
�úª� ∆ρ = 100%∗( ρ1– ρ2)/ ρ2. ∆ρ �u 0, �
fUìM¥�.æÈ; ∆ρ���, �f�m�3�
Â , k�MN/¤ª³; ∆ρ�K�, �f�mü
½, Ñy©l��. 3 Ga100−xInx (0 < x 6 15 at.%)

«��, ∆ρ �Cu 0, NX��uM¥�æ(�, �
X In ¹þ�O\, ∆ρ ê�C�K�, `²dNX
 lM¥�æ�., Ga-Ga, In-In ü«ìq��u
©l. ·��±é�� Ga-In Ü7�(�üC�Ñ
ù��«íÿ: 3 Ga100−xInx (0 < x 6 30 at.%) ¤
©:, Ga-Ga �ìqÓâÌ�/ , Ga ±�� ê
ª�u 12, �X In ¹þ�O\, ��� Ga100−xInx

(x > 40 at.%) ¤©:�, du In-In ìq�O\, ¦
� Ga �� �þÑy
Ü© In �f, du In ´
��f, ¦��N� êeü, �´ Ga �féJ
?\ In-In ìq¥/¤a�MN(�, ¤±� ê
�ü� 10, 
Ø´mY�MN� 6, ½aqu�
¬� Ni80P20 Ü7¥ P ±�� ê� 9 [37]. 3�
� Ga-In Ü7¥, Ga-Ga, In-In ìq��¿�©l,

a�MN Ga20In80 ìqÑy��U5é$, Ü7�
(�Ì�´d Ga-Ga, In-In ìq�Óû½.

�
£ã�� Ga-In Ü7¥�ìq, ã 5 ¥�
Ñ
�[L§¥o�Ü7¤©:��.ÓP, çÚ
�L« Ga �f, �Ú�L« In �f. �±wÑ, 3
ã 5(a) ¤«� Ga70In30 ¥, �3 Ga-Ga, In-In ìq
���y�, ìqØÎÜM¥�æ�., LyÑ©
l���; �X In ¹þ�O\, 3 Ga60In40 ¤©:,

Xã 5(b) ¤«, Óa�f�ìq�´é²w, In �
\\éJ»� Ga-Ga ìq, 
=¦ Ga �f�Û�
�¸u)UC, �� Ga ±�� ê�eü; � In

�f¹þ�� 50%9�p�, Xã 5(c) Ú (d) ¤«,

NX(�ªu­½, o�VN©Ù¼ê1�¸� 
�Ä��±ØC, NX¥ Ga-Ga, In-In ìq��. ù
o�¤©:��.ÓPÑ�±wÑ Ga-Ga, In-In ì
qLyÑ©l���.
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ã 5 �[L§¥��.ÓP, Ga- çÚ¥, In- �Ú¥ (a) Ga70In30; (b) Ga60In40; (c) Ga50In50; (d) Ga40In60

4 ( Ø

1) ÏL AIMD O��Ñ� VN�'¼ê!
�Ý9Û�(�©Û, y²�� Ga-In Ü7¥Éa
�f�mü½, Ga-Ga, In-In Óa�fìq��, Ü

7(�Ì�´dùü«ìqû½�.

2) � X In ¹ þ � O \, 3 Ga100−xInx (30

6 x 6 50 at.% ) «�S, Ga �f±�Ì� ê
ÑyâC, d 12 ü� 10, Ü7(� lM¥�æ�
., Ga-Ga Ú In-In ìq��u©l.
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Abstract

Different from the previous experimental and simulating methods, ab initio molecular dynamics simulations are performed to

investigate the partial structures of liquid Ga, In and Ga-In alloys. In liquid Ga-In alloys, the positions of first peaks in gGaGa(r) and

gInIn(r) are close to those of the pure Ga and In, respectively, and the position of first peak in gGaIn(r) is larger than the average value

of pure Ga and In, indicating that inhomogeneous atoms are prone to be repulsed and Ga-Ga and In-In clusters are easy to emerge in

the system. The most popular 1311 pair bonds existing in liquid pure Ga and In are dominant in liquid alloys, proving that Ga-Ga and

In-In clusters coexist in liquid Ga-In alloy. Through the Voronoi analysis, with In increasing, in the Ga100−xInx (30 6 x 6 50 at.%)

region, the main coordination number around Ga atoms abruptly decrease from 12 to 10, proving that Ga-Ga and In-In clusters are

prone to be separated. These results are different from those obtained from the micro-inhomogeneous model and reveal the mechanism

of cluster separation in liquid Ga-In alloy.
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