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³¼ê, ,�|^���³¼ê�ï
²þ|, ?�ÚO�
 5 «7áá� Al, Cu, Ni, Na, K 3L:?�f�Ä�gdNÈ. O��(JL², Lz­�þ
�f�Ä�gdNÈ��f¬�NÈ�'´~êù�b�¿ØÊH·^; éTb�?���±'�O(/O�á
��Lz­�.
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1 Ú ó

Lzáu�?�C, Lz­�Ï~� P-T �ã
þ������©.�. pØe�NLz§Ý�
Øå�'X3á��Æ!pØÔn±9/¥Ôn
�+�kX­��A^d�, Ïd�Ï±5Lz­
��ïÄÉ�
Æö��2�'5. 8cïÄÔ
�pØLzk 3 «å»: 1) ¢�ïÄ, 8cïÄp
ØLz�¢�EâÌ�k-1\97f�ØÿE
â (LHDAC)[1,2] ÚÀÂÅ (SW) Ø Eâ [3,4] ü«,
duÿþEâ�Û�, ùü«�{ÿþ�(J  
k���Ø�, �
LÞ7áX Ta, Mo, V ^ùü
«¢��{ÿ��Lz§Ý�Oé� [5], �C�
ïÄL², ù�U��¬�DØ0�±97f�¥
�%��AÚp§ÿþ�DØ0��Z6k' [2];
2) 1�5�nO� [6−11], T�{kØ�6u¢�
ëê�`:, ´8cO�á�pØLz­��Ì�
�{, éu{ü(��á�X Al, Fe O�(J'�
O(, �éu�
 bcc (��LÞ7áO�(J�
¢��O�� [11], ¿�1�5�nO�I��O
�þé�, ���
T�{�A^; 3) �ï{ü�
., Ì�k Lindemann Lz�. [12]!gdNÈn
Ø [13].  �LznØ [14] �. duLz��f�9
$ÄÚ>f(��UC���', �ö�$Ä�p
ÍÜ, ´�~E,�¯K, 8c�vk�«U
Ê
H·^�{üLz�..

JÑ�@¿�A^�2�LznØ´ Linde-
mann Lz½Æ [12], T½Æb��N�f�9$Ä
�²þ�Ì�¬�~ê�'~�§Ý�,p
C
�, �ù�'~���½~ê��ÿu)Lz, ¿
�T~êØ�ØåCz. ddb��±��O�L
z§Ý Tm �ØåCz�úª�

Tm(P ) = CV 2/3δ2ν2, (1)

ùp C ´�á�k'�~ê, V ´�½Øåe¬�
�NÈ, δ ≡ 〈u2〉1/2/a ´Lz��N�f��þ�
�Ì�¬�~ê�', u ´�f��Ì, a ´�AØ
åe�¬�~ê, ν ´�f��ÄªÇ. Uìb�,
éu(½�¬N(�, δ ´~ê, ¿� δ Ø�ØåC
z,Ï~��{´d~Ø�Lz§Ý(½ δ.

1969 c, Ross ò Lindemann Lz½ÆU��
gdNÈ/ª [13]. Lindemann Lz½Æ�b��
¤gdNÈ/ª�: 3Lz­�þ Vf � V �'�
~ê, Vf ��u�f9$Ä�k�NÈ, V ��f
¤3���ý¢NÈ. O��T~ê���´d~
Øe�¢��(½. �Å�� [15] @�3Lz­�
þ Vf ��þ, �fE3²ï �NC�Ä, Ïd�
±ò³U U(r) 3��¥%?Ðm, é U(r) �{�
Cq, ²L{ü�í�, �±����O�Lz§
Ý�)Ûúª.
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tin Ú O’Connor[16] ^ Bragg Ñ�Eâÿþ
 Al,
Cu ÚA«w7á®zÔ¬N3L:NC� δ �,
uy δ �(�X§Ý�,p
C�, ¿� δ ��
�½§Ý�¬NLz, �T¢�==ÿþ
~Ø
e�êâ, �´Ü©�y
 Lindemann Lz½Æ
�b�. 2005 c, Luo �^©fÄåÆ�{�[

 Lennard-Jones(LJ) ³U�XÚ [17], uy�XØ
å�O� δ ¿Ø´~ê, ÙCz´Ø��Ñ�, 3
~ØÚ4àØåe, δ ©O� 0.116 Ú 0.145, 4à
Øåe'~Øe�Ñ� 30%, ��Ø+´^ Linde-
mann Lz½Æ�b� δ = ~ê�´|^ÙgdN
È/ª Vf/V = const 5O�Lz­�, Ñò¬E¤
é��Ø�. �
��'�°(�Lz­�, 7L
é δ ½ Vf �ØåCz�5ÆkO(�£ã, éu\
Ø�u)���C�á�, ��é~Ø�ÚpØ�
©ãO�Lz­�.

±þü�ó��~­��¿Ø¿©, Martin
Ú O’Connor ¿�u� δ ´ÄØ�ØåCz, Luo �
==�[
 LJ ³U�XÚ, éuÙ¦³U�XÚ δ

´XÛCz�vU£�, ¿�T(JØU�Ñ δ �
ØåCz5Æ�¼êL�ª,Ã{|^¦�(JO
�Lz­�.

�©(Ü1�5�noUO�, |^²þ|C
q�.O�
Ê«7áá�3L:?�f�gd
NÈ, é Vf/V = const �b�?1u�, uyT
b�¿ØÜn. |^O���gdNÈêâ, [Ü
Ñ Vf � V Cz�L�ª, �±'�O(/O�L
z­�, éu\Ø�k���C�á�, ��±é
�B/æ^©ãO���{O�Lz­�.

2 O��{�O�[!

�N¥�f�9$Ä´E,�8N$Ä, î�
¦)�f�$ÄG�´Ø�U�. Ïd�XeC
q: b��N¥z��f3XÚ¥Ù¦��f¤?
²ï �¤/¤�²þ³|¥Õá$Ä, ù�Òr
¦)��NX�9åÆ¯Kz�¦)����¥
�f�$Ä¯K. ½ÂgdNÈ [13]�

Vf =
∫

V

exp
(
− U(r) − U(0)

kBT

)
dr, (2)

Ù¥ V ��f¤3���ý¢NÈ, U(r)��f
 uål¥% r ?�³U, U(r)−U(0) L«�fl
²ï �£Ä�l¥% r ?³U�UC. �â½Â,
Vf ��u�f9$Ä�k�NÈ, z��f�gd
NÈÑ´�Ó�. ã 1 ´��{üá�(����
ÚgdNÈ«¿ã. ¥m�µ�å�Ò´¥%�f
���ý¢NÈ V , J��å5�L«¥%�f$

Ä���, =gdNÈ Vf .

ã 1 ��{üá�¬����ÚgdNÈ«¿ã

�
O�gdNÈ Vf , I��� (2) ª¥�
³U U(r). �©æ^Äué³�²þ|lÞ�
{ [18−20] 5�ï³U U(r), d�{kO�þ�!
(J°(�`:. äN�{Xe.

oU�±�¤é³ ϕ(|R|) �Ú

U(0) = E(a) =
1
2

∑
R

ϕ(|R|), (3)

U(0) L«¤k�f?3²ï ��ë��f�³
U, R L«ë��f±	¤k�f� ¥, a�¬�
~ê. ë��f £��³U�UC�±Lã�

U(r) − U(0) =
1
2

∑
R

ϕ(|R − r|)

−1
2

∑
R

ϕ(|R|). (4)

éu÷*NX, 3¢SO�¥, I�é (3), (4) ª¥
�é³©«?n, ±ë��f�¥%, ,��ä�
» Rcut ��»�¥�SÜ, æ^¢S�é³¦Ú,
3¥	�«�, æ^þ!z�µ?n, @��f´
UìÙý¢÷*�fê�Ýþ!z©Ù��f�,
Ïd, ¥	«�é³�¦ÚÒ�±z�È©:∑

|R|>Rcut

ϕ(|R|) =
∫ Rcut

∞
4πr2ρ(a)ϕ(r)dr, (5)

Ù¥ ρ ��fê�Ý. �f�é³æ^ Rose �
. [21]

ϕ(|R|) = −e0(1 + α(r − r0)) e−α(r−r0), (6)

e0, α, r0�ëê. d� (7) ª�±U��

E(a) =
1
2

∑
|R|6Rcut

ϕ(|R|) +
1
2

∑
|R|>Rcut

ϕ(|R|)

=
1
2

∑
|R|6Rcut

ϕ(|R|)
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+
1
2

∫ Rcut

∞
4πr2ρ(a)ϕ(|R|)dr, (7)

d�� E(a) ´¤k�f3²ï ���oU, =
eU. |^1�5�noUO��{O�ÑØÓ¬
�~ê a e�oU E(a), ^ (7) ª[ÜÑé³¥�
ëê e0, α, r0, ,�Ò�±|^

U(r) − U(0) =
1
2

∑
|R|6Rcut

ϕ(|R − r|)

−1
2

∑
|R|6Rcut

ϕ(|R|) (8)

O�Ñ�f £c��³U�.
�
|^ (2) ªO�gdNÈ, �7L���

½ØåeL:?�f¥��ý¢NÈ V , ùÒI�
·�l©z¥�ØåÚ§ÝêâO�Ñ V . Äk
æ^1�5�nO����oU[ÜÑ{z� 4
� Birch G��§ (EOS)[22]�

Ec = A0 + A1X + A2X
2 + A3X

3 + A4X
4, (9)

Ù¥eI c L«eU, X = V −2/3, A0, A1, A2, A3,
A4�[Ü~ê, ,��¦ÑeØ:

Pc = −∂Ec

∂V
=

2(A1V
2 + 2A2V

4/3 + 3A3V
2/3 + 4A4)

3V 11/3
. (10)

du3L:?§Ý��u�~§Ý Θ, ¤±9Ø�
O�æ^²;�.

Pn =
γ

ν

3R

M
T, (11)

Ù¥eI n L«9Ø, γ ´��MÜXê, �©æ^
Ù Dugdal-MacDonald /ª [23], |^ (10) ªO��
�, ν ´'N, R ´íN~þ, M ´���þ. o�
Øå

P = Pc + Pn. (12)

|^ (12) ªÒ��â©z¥Lz��§Ý T ÚØ
å P )Ñ�A��f¥�ý¢NÈ V , ,�Ò�±
(Ü (8) ª^ (2) ªO�gdNÈ.
©z [17] �ïÄ(JL², 3Lz­�þ, ¿

Ø÷v Vf/V = const �b�, Ïd·�òdb�?
��

Vf = Vf0 + a(Vm0 − V )b, (13)

Ù¥ a, b �[Ü~ê, ¦+ (13) ª�~{ü, =^
ü�ëê, ��±éÐ/£ã Vf � V Cz�5Æ,
O�å5�é�B. a > 0 ��±£ãX Al Ú Cu
ùagdNÈ Vf � V O�
~���¹, a < 0 �
�±£ãX fcc (�� Na Ú bcc (�� K ùag
dNÈ Vf � V O�
~���¹, ëê b �±N

�ù«Cz�¯ú. d¢��½Ñëê a Ú b �,
��¦) ∫

V

exp
(
− U(r) − U(0)

kBTm

)
dr

=
∫

Vm0

exp
(
− U(r) − U(0)

kBTm0

)
dr

+a(Vm0 − V )b (14)

� ± � � é A � f ý ¢ ¬ �NÈ V � L z§
Ý Tm, ,�2|^ (12) ªO�Ñ�A�Øå P ,
=��Lz­�. éupØ�k���C�á�,
3n�:²(�cJe�±|^ (14) ª©ãO�
Lz­�.

3 O � ¥ Rcut �� 5a0, = ~�e ¬ � ~
ê � 5 �, ² u �, d � (7) ª m > È © � �
k 10−6 eV �þ?, ��÷v°Ý�¦. oU�
O�d1�5�noUO�^� VASP[24] �¤, æ
^²¡Å�³(Ü2ÂFÝCq (GGA) �{, �
f���'é¼êæ^ Perdew, Burke Ú Ernzerhof
JÑ� PBE ¼ê (GGA)[25]. ¤æ^��³´ PAW
�³ [26,27], �³>f|�©O� Al 3s23p1, Cu
3p63d104s1, Ni 3p63d84s2, Na 2p63s1, K 3p64s1. �
äU©O�� Al 350 eV, Cu 500 eV, Ni 500 eV, Na
600 eV, K 400 eV, UþgU°Ýþ�½�²þz�
�f 1.0×10−5 eV, Brillouin «�:þ� 21×21×21.

3 O�(J

·�^þã�{O�
 Al, Cu, Ni, Na, K 3
L:?�f9�Ä�gdNÈ, O�æ^��©
L:êâ©O�g©z Al[28,29], Cu[30−32], Ni[33],
Na[34,35], K[34]. (JXã 2 ¤«.

dã 2 �±w�, �k Ni 3L:?�gdN
È��ÎÜ Vf/V = const �b�, éu Al Ú Cu
Ú fcc (¡%á�) (�� K, Vf/V �NÈ�O�

~�, ���� bcc (N%á�) (�� K Ú fcc (
�� Na, Ù Vf/V ���NÈ�O�
O�, ÑØ
÷vLz­�þ Vf/V = const �b�. ¿�d Na
Ú K L:?�gdNÈêâ�±wÑ, éuÓ�«
á�, ØÓ��3L:?� Vf/V kXØÓ�Cz
5Æ, ÏdéupØek���C�á��éØÓ
��©m5O�.

�e5·�ÄkO�
 Al, Cu, Ni 7á�Lz
­�. Al, Cu, Ni 3~Øe�¡%á� (fcc) (�, 3
·�¤ïÄ�§ÝÚØå��vkuy���C,
ù´�a�{ü��¹. |^c©O����L
:?�gdNÈ, [ÜÑù 3 «á� (13) ª¥�ë
ê a, b ��. ,�^ (14) ªO��Aá��Lz­
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�, ��Ñ
Ù¦©z [8,36,37] ���êâ,Ó��
òUì Vf/V �~þO����Lz­��Ñ��
é', (JXã 3 ¤«.

ã 2 Al, Cu, Ni, Na, K L:?�f�gdNÈ�ý¢¥�
NÈ�'

ã 3 ã Al, Cu, Ni �pØLz­� (a) Al �pØLz­
�; (b) Cu �pØLz­�; (c) Ni �pØLz­�

dã 3 �±wÑ, Uì·���{O����
(J�Ù¦©z¥���êâÎÜ�éÐ, 
Uì
�b� Vf/V �~þO����(J�XØå�O
��Ù¦©z¥���êâ��$�. ù`²·�
��{´1�k��, 3pØeá�Ø÷v Vf/V

�~þù�b�, Tb��3é$�ØåeCq¤
á. 3± �ïÄ¥duØ�9ép�Øå, Ïd
�±¦^Tb�O�Lz­�, �ïÄ�Øå��
ÿÐ��pØå�, 7LéTb�?1?�.

ã 4 Na, K �pØLz­� (a) Na �pØLz­�; (b) K
�pØLz­�

O� Na Ú K �Lz­��E,�
. §�3
pØe¬u)���C, ¿� Na ��3X�~L
zy�. éu Na ùak�~Lzy��á�, v
k¤Ù�O��{, ��´æ^ Kechin �§ [38] [
Ü¢����Lz­�. éuùaá��©��{
�,k�, ò~Ø�ÚpØ�©mO�. O� Na �
Lz­��, æ^~ØL:!Lz§Ý�p:!±
9 bcc-fcc- ��n�:ù 3 �:�gdNÈêâ5
(½ (13) ª¥�ëê a, b ��, ±(�Lz­�Ï
Ln�:. éupØ��Lz­�, ±n�:�å
:5O�. K Lz­��O�� Na aq, ~Ø�L
z­��O�æ^~ØL:!Øå¥m:!n�
:ù 3 �:�gdNÈêâ(½ëê a, b ��.Ó
�·��Uì Vf/V �~þO�
�A�Lz­�
��é', Xã 4 ¤«.
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dO�(J�±wÑ,·�¤æ^��{O�
���Lz­�U
éÐ/£ã¢��, cÙ´ K
�O�(J, �¢��ÎÜ�éÐ. Na �(J��
�
, $Øã�¢�(J�O��, �´�©�O
�(JéÐ/£ã
 Na �~Lz�y�. 
æ^
� Vf/V �~þO����(J�¢����$
�. �©��{é�~Lzù�y�Jø
�«k
��£ã�{.

4 ( Ø

Äué³�²þ|lÞ�{´��ék��

�{, �±^é��O�þ��'�°(�(J.
�©^T�{(½³U¼ê U(r), ,�O�
á�
3L:?�gdNÈ, O�(JL²8c^5O�
Lz­��gdNÈnØ�¥%b�¿ØÜn. ò
Ù?�� (13) ª�, �±�Ð/O�Lz­�.

æ^�b� Vf/V �~þO����KÜ­�
´üëê�6�, �^­��6u~Øe�¢��.
�©��{��þ´ò��{�üëê�6U�
õëê�6, æ^��²�¼ê (13) ª£ãLz­
�þgdNÈ Vf �Cz5Æ, T¼ê�Ün5�
I�?�Úu�. �©¤æ^O�Lz­���{
Lõ/�6¢�êâ, A^þ�kX�½�Û�.
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[26] Blöchl P E 1994 Phys. Rev. B 50 17953
[27] Kresse G, Joubert D 1999 Phys. Rev. B 59 1758
[28] Hänström A, Lazor P 2000 J. Alloy. Compd. 305 209
[29] Boehler R, Ross M 1997 Earth Planet Sci. Lett. 153 223
[30] Mirward P W, Kennedy G C 1979 J. Geophys. Res. 84 6750
[31] Belonoshko A B, Ahuja R, Eriksson O 2000 Phys. Rev. B 61 3838
[32] Zhang L Y, Dai C D, Xu C H, Tan H 2005 Chin. J. High Pressure

Phys. 19 365 (in Chinese) [Ü'�, �ª�, Nðu,  u 2005
pØÔnÆ� 19 365]

[33] Lazor P 1994 Ph. D. Dissertation (Uppsala: Uppsala University)
[34] Zha C S, Boehler R 1985 Phys. Rev. B 31 3199
[35] Gregoryanz E, Degtyareva O, Somayazulu M, Hemley R J, Mao

H K 2005 Phys. Rev. Lett. 94 185502
[36] Japel S, Schwager B, Boehler R, Ross M 2005 Phys. Rev. Lett. 95

167801
[37] Wang Z W, Lazor P, Saxena S K 2001 Physica B 293 408
[38] Kechin V V 2001 Phys. Rev. B 65 052102

016401-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 016401

Theoretical calculations of high-pressure melting
curves of five metals∗
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Abstract
Ab-initio calculation method is employed to determine the potential functions and the unknown parameters in pair-potential-based

mean filed model for metals. Using the mean fields constructed from the potential functions, the vibration free volumes of atoms of
metals Al, Cu, Ni, Na, and K at melting points are evaluated. The results indicate that the widely used hypothesis that the ratio of
vibration free volume to the primitive cell volume of atoms in melting curve is a constant, is not correct. We provide a ratio model
which can be usd to obtain much more accurate results of melting curve.

Keywords: high-pressure melting, free volume theory
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