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æ^1��n�{O�
pØe7á Ba �n�pØ� Ba-I, Ba-II Ú Ba-V �­½599ÄåÆ5�. (JL
², Ba �n�pØ�3 0 K �3ÙØå��SÑ´ÄåÆÚåÆ­½�; ��ØåO\, Ba-I Ú Ba-II �(fÌªÇ
ÑyÉ~ “^z”, 
 Ba-V KÑy “Mz”. �, Ba-II Ú Ba-V Ó�8��æ (hcp) (�, O�L²§�3pØeLy
Ñ
ØÓ��5��É5. O�Ó�uy Ba-II 3�p�ØåeE÷våÆ­½^�, �(fÌkJª�3, L²Ä
åÆ�­´ Ba-II 3Øåe� Ba-IV �=C��Ï. O�Ú'�
Ó�8��æ (hcp) (�� Ba-II Ú Ba-V 3pØe
�(�!�~§Ý!N�þ!}��þ�åÆÚ9Æ5�, Ðy
7á Ba 3Øåe�­½Å�Ú9ÄåÆ5�.

'�c: Ba, pØ, (fÌ, �5~ê

PACS: 63.20.D–, 62.20.D–, 71.15.Mb, 05.70.–a

1 Ú ó

­wè7á Ca, Sr Ú Ba 3pØe�(��C
9Ù°ÄÅ�{5´¯õ�Æ[a,���K. d
c�nØÚ¢�ó�L²: ­wè7á3Øå�
^e�>f=£´(��C�°Äå [1−4]. 3~
Øe, ­w7á´{ü� s-p ¤�, U�(�3¤
�U?±e¥yÑgd>fA:, Å¼ê3¤�
U?±þ´�Û��!Ð°¿���Óâ� d ;
�, 
3¤�¡NCK3�½§Ýþ� d ;�K
�/¤ sp-d ·,. �XØåO\, d ��ØÓ§Ý
/�>fÓâ, ¤�A5Ïdu)UC, ���X
�E,�(��CÑy. 3ù«d>f=£Ì�
��C°Äåe, ­w7á3pØe¥yÑõ


E,�A5. Äk, §�3Øåe¥yÑaq�(
��C^S [5,6]. Ù¥ Ca Ú Sr 3~Øe´¡%á
� (fcc) (�, 3A� GPa �Øå��S¬=C¤
N%á� (bcc) (�, dc�ó�L²T�C´d
uØåe d ��>f�>fÜ©Óâ¤� [1−4]. 

7á Ba 3Øåe�C^SÑkØÓ, duÙ d �
�>f�Óâê' Ca Ú Sr �péõ, ¤±3~Ø
e Ba =�N%á� (bcc) (�, �XØå?�Ú
O\, ��3 4.5 GPa, Ba =C¤8��æ (hcp) (
�. 3�p�Øåe, ­w7á�>fA5u)�
�ã��Cz, Ïd¬¥yÑõ
E,�(�. Ù
gù«>f=£¬��­w7á��y��Ñy.

yknØÚ¢�L², ØåeÔ����5�¬u
)ã�Cz [7−13], �,3~Øe Ca, Sr Ú Ba þ�
�����, �´3Øåe, du d ���>fÓ
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â, n«��ÑC¤
����, ´;.� “Ø��
�”, 
�­wè7á����.��§Ý�Øå
�ÑyØÓCz [14−17]. �CF�ïÄ<
uy Ca

3 216 GPa ^�e���§Ý�� 29 K, M#
ü
������.§Ý��pV¹ [18]. �,<�é
­wè7á�G��§!>f(�Ú��5��
?1
2��ïÄ [1−4,19−22], ,
éØåeù«
3 s-p >f=£Ì�e�(�­½Å�Ú9ÄåÆ
5��"yXÚïÄ. �©æ^ÄuþfO��1
��n�{, ±7á Ba �~�\ïÄ
ØåeÙ
(��­½Å�Ú9ÄåÆ5�, Ðy
­w7á
3Øå�^ed s-p >f=£Ì��(��C�,
��ý¡.

2 O��{

| ^ Ä u � Ý � ¼ n Ø � O � ^ �
PWSCF[23], Troullier-Martins[24] �{�)���³,

��'é¼êæ^ GGA Cq [25]. Ba �f��³
æ^ 5s25p66s2 � 10 �>f��d>f, §���
�ä�»À� 2.5 �fü . |^ÂñÿÁ(½²
¡Å�ÄU�ä�±�� 680 eV. éuó­�!¬
�~êÚ(fÌ�O�, |^ Monkhorst-Pack[26] K

��À��{, éu Ba-I � K ��� 14×14×14,

éu Ba-I Ú Ba-V �� K ��� 14×14×8 �¤3
1�Ùp�«¥�È©. 3O�(f� q ���
� 7×7×4, � 24 � K :, ¿|^�©{¦Ñ1�
Ùp�«¥?� q :�(fªÇ. �XÚoUþC
z­½3 1.0×10−4 eV S�, >f(��gU|O
�Ê�, ¿@���Âñ. ?1�f(�µþ�, �
�^3z��fþ�å�u 0.01 eV �@���
Âñ. é�5~ê, æ^Aå - AC��{?1O
� [27,28], ¿�3�5~êO�L§¥æ��p°
Ý� K :��, éØÓØåe�¬�~ê��Ó
� K :�Ý 2π×0.015 Å−1, ¦O�(J��°(,

¿�é����5~ê3pØe?1
?� [29].

éuá�NXkn��5~ê: c11, c12 Ú c44, ?�
���5~ê©O� C11, C12 Ú C44. ?�úªX
e: C11 = c11−P , C12 = c12 +P , C44 = c44−P , P

�Ør. éu8��, ��k 5 ��5~ê: c11, c12,

c13, c33 Ú c44, ?����5~ê©O� C11, C12,

C13, C33 Ú C44. ?�úªXe: C11 = c11 − P ,

C33 = c33 − P , C44 = c44 − P , C12 = c12 + P ,

C13 = c13 + P .

3 O�(J�?Ø

Xc¤ã, 7á Ba 3~Øe´N%á� (bcc)

( � Ba-I, 3 4.5 GPa = C � 8 � � æ (hcp) (
� Ba-II, ��3 12.5 GPa ?�Úu)�C, =C
�äkE,(���úÝ� Ba-IV[30], 3�pØ
åe 45 GPa, Ba =C¤Ú Ba-II Ó���æ(�
� Ba-V, = Ba-II Ú Ba-V äkÓ��8��æ(
� [6]. �,3Øåe7á Ba ¥ügÑy
�Ó�
�æ(�, �´ü�8��æ(�%äkØÓ5
�. ��wÍ�A:Ò´ü��æ(� c/a �XØ
å¥yÑØÓCz. ¢�þuy Ba-II � c/a ��
XØå�O\×�eü, ¿� Ba-V � c/a �A�
Ø�ØåCz, ���u 1.575[6]. �
�yO�(
J���5, ·�Äkæ^1��néù�ÛA�
y�?1
O�, Xã 1 ¤«. 3$Øe c/a �O
�(J�¢�(J�~��; 3pØe, ��nØ
(JÑ�3�½Ø�, �´·�O�� c/a �Ä�
ØC, �±3 1.6 �m, �NÑ
 Ba-V � c/a ¢�
��Czª³; ¿��¢�� 1.57 �', O�Ø�
3 1.8%�m, 31��nO�¬�~ê�°Ý�
S. ù`²·��O�U
�NÑ Ba 3pØe�
A5, O�(J´Ün�. � � � �� � � �� � ��� � 	 
� � 	 �� � 
 
� � � 
� � 
 �
 ��� ��� �� � � � � � � 	 � � �� � � �

ã 1 8��æ� Ba-II Ú Ba-V � c/a '��Øå�Cz
¢�µ­��¢�(J [6]; �­���©(J; �%�Ú��
µ±9�8�­��Ù¦nØO�(J [1,22,31]

�,¢�þ®²(½Ñ7á Ba 3~§pØe
��ã, �éu3 0 K e7á Ba ´ÄU
­½�
3�vk½Ø, 
¬�ÄåÆ­½´¬N(��
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3�Ä�^�, ´ïÄ¬N(�­½5�­�I
O [32−35]. Ïd·�Äkl¬�ÄåÆ�Ý�	

7á Ba �­½5, ©OO�
 Ba-I, Ba-II Ú Ba-V

��(fÌ�, Xã 2. l(fÌ�þw, Ba-I �(
fÌ­�vkJª, L²Ù3 0 K ´ÄåÆ­½
�. ��XØå�O\, 3pé¡: P -G �m, (
fÌ�ªÇu)É~ “^z”, =(f­�¥,�|
�ªÇ�ØåO\
eü, Xã 2(a). �daq, �
Øå�O\, Ba-II �(fÌ��vkJª, Ïd�
´ÄåÆ­½�, �´3pé¡: M þ±9 H-L

pé¡:�mÓ�u)(fªÇ�É~ “^z”,

Xã 2(b). ¢�L² Ba-II ¬3 12.5 GPa =C��
úÝ� Ba-IV[30], ��C�Ï�Ø$�Ù. ·��
O�L² Ba-II 3 30 GPa �(fÌ­�kJª, X
ã 2(c), L² Ba-II 3�p�ØåeÄåÆ´Ø­½
�. � Ba-IV 3 45 GPa ¬2g=C¤Ó�´�Ý
(�� Ba-V, ¿��XØåØä,p, Ù(fÌª
ÇLyÑ~��Øä,p, =Ñy(fªÇ� “M
z”, Xã 2(c) ¤«. �,l¬�ÄåÆ�Ýw, ¢
�uy7á Ba �n�pØ��Øå«mÑ´­
½�, �´�Øå�O\, Ba-I Ú Ba-II �Ñy
(
fªÇ “^z” y�, 
 Ba-V ��(fªÇKÑ
y “Mz”, ù�U¬�7á Ba 3pØe�éõ5
�E¤K�. 'X¢�þ*	� Ba-I Ú Ba-II ������������� �� �

� � 	 
� � 	 
� � 	 

 � 	 
 ������ � � � � � 
 � � � � � �� 
 � � � � � � � 
  ! � 	 
� ! � 	 
� " �� �#$% � 	 
� � � 	 
� 
 � � � � � � & � � 	 
 
 ! � � 	 
' � � � 	 
� ( � ' � � 	 
� ! � 	 
 )*+),-.,
ã 2 Ba-I, Ba-II Ú Ba-V � � ( f Ì ­ � � Ø å C z
(a) Ú (b) ã¥x�?�(fªÇ “^z”  �

��§Ý�XØå,p, 
 Ba-V ���§Ý�Ø
åeü [15], �U� Ba-I Ú Ba-II, Ba-V ��(fÌ
ªÇ�Øå�Czk'.

·�?�ÚépØe7á Ba �åÆ­½5
?1
ïÄ, =é7á Ba �n�pØ� Ba-I, Ba-II

Ú Ba-V ��5~ê©O�
O�. ã 3 ¥��
ã (a) ´ Ba-I ���5~ê�ØåCz, �±wÑ
Ù�5~ê�XØåO\üNO\, ¿�Ñ÷vá
�¬�åÆ­½^� [36]: C44 > 0, C11 − C12 > 0,

C11+2C12 > 0. ·�Ó�O�
ü�Ó��æ(�
� Ba �pØ� Ba-II (ã 3 ¥�ã (b)) Ú Ba-V (ã 3)

���5~ê, uy Ba-II Ú Ba-V 3 5—12.5 GPa

Ú 50—300 GPa Ñ÷v8�¬N�åÆ­½^
� [36], = C12 > 0, C33 > 0, C11−C12 > 0, C44 > 0,

(C11 + C12)C33 − 2C2
13 > 0. ÏL?�ÚO� Ba

��æ(�3 30 GPa �åÆ­½5, ���Ê�
�5~êXe: C11 = 130.0 GPa, C12 = 100.0 GPa,

C13 = 102.2 GPa, C33 = 145.1 GPa, C44 = 6.7 GPa.

uy Ba-II ��,3 12.5 GPa =C��úÝ� Ba-

IV, �Ù8��æ(�E,÷våÆ­½^�, 
d
c(fÌO�L²8��æ(�3 30 GPa ÄåÆ
´Ø­½�. ÏdnÜÄåÆÚåÆ­½5�ä:

Ba-II =C¤ Ba-IV �­��ÏÒ3uÙÔ�
Ä
åÆ­½5. � � �� � �� � �� � � � � 	 � � �
 � �
 � � 
 
 
 � � �� � � �� � � �� � �� � � �� �� � �� ���� �� �  !"#$%

� � � � � & � � ' � �( ) * �+ , - � � � 	
 � �
 � � 
 � .
 . .
 
 
� � � � �/ �0 �� �1 ��  !"#$% + , - �2 3 4 2 5 4
ã 3 Ba-I, Ba-II Ú Ba-V ��5~ê�ØåCz �ã (a)

Ú (b) ©O� Ba-I Ú Ba-II ��5~ê�Øå�Cz

�u7á Ba-II Ú Ba-V Ó�8��æ (hcp) (
�, ¿��ØåO\LyÑØÓ� c/a �, ·�?
�Úl�5~êÑuïÄ
7á Ba-II Ú Ba-V �
5��É5. 8��æ(��k C11, C12, C13, C33,

C44 Ê��5~ê, lùÊ�þÑu�±����
´L�Ônþ [37−40], 'XN�þ B!}��þ G.
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L 1 p�(� Vs!î�(� Vp 9Ù²þ(� Vm(ü  m/s), N�þ G!}��þ G (ü  GPa), �~§Ý Θ (ü  K), �5N�þ Ba,

Bc (ü  GPa) 9Ù'��Øå P (ü  GPa) �Cz

P Vs Vp Vm B G Θ Ba Bc Bc/Ba

5 7.54 21.78 8.57 21.22 3.03 72.93 85.71 40.38 0.47

7 7.89 23.2 8.97 26.58 3.64 78.76 125.41 43.61 0.35

8 9.51 24.83 10.79 30.2 5.51 95.99 133.73 52.54 0.39

9 10.37 26.05 11.75 33.64 6.76 105.62 138.22 63.26 0.46

11 9.38 26.97 10.66 40.71 5.87 97.8 157.08 82.86 0.53

13 6.87 27.25 7.85 47.66 3.31 73.17 169.87 107.85 0.63

14 4.46 27.12 5.1 50.93 1.43 47.99 166.96 130.44 0.78

15 4.36 27.78 4.98 54.64 1.39 47.15 155.11 184.85 1.19

50 16.37 47.52 18.62 199.66 28.16 198.65 490.25 1041.66 2.12

60 20.53 53.34 23.28 251.78 46.48 252.51 705.16 877.86 1.24

75 22.65 58.81 25.69 323.82 59.9 283.96 939.26 1042.24 1.11

90 22.87 61.99 25.96 384.55 63.91 291.39 1109.76 1251.68 1.13

120 24.19 67.46 27.48 496.33 77.06 316.22 1441.41 1593.45 1.11

150 24.77 71.68 28.16 603.69 85.77 330.58 1851.35 1735.21 0.94

180 25.57 75.5 29.09 709.31 96.1 347.14 2145.41 2093.78 0.98

210 27.59 79.41 31.37 811.71 116.83 379.82 2475.14 2358.68 0.95

250 29.41 83.86 33.43 948.23 139.52 411.56 2858.84 2816.82 0.99

300 25.89 86.25 29.51 1113.34 114.04 369.76 3345.83 3328.44 0.99

C66 = (C11 − C12)/2, (1)

BV =
1
9
(2(C11 + C12) + C33 + 4C13), (2)

BR =
(C11 + C12)C33 − C2

13

C11 + C12 + 2C33 − 4C13
, (3)

GV =
1
30

(C11 + C12 + 2C33 − 4C13 + 12C44 + 12C66), (4)

GR =
5
4

((C11 + C12)C33 − 2C2
13)

2C44C66

3BVC44C66 + ((C11 + C12)C33 − 2C2
13)2(C44 + C66)

, (5)

B = (BV + BR)/2, (6)

G = (GV + GR)/2. (7)

,�dN�þ B �}��þ G ¦ÑØ pÅ� vp,

îÅ� vs ©O�

vs =
√

G/ρ, (8)

vp =
√

(B + 4G/3)/ρ. (9)

?�Ú��²þ(� vm
[37]

vm =
[
1
3

(
2
v3
s

+
1
v3
p

)]− 1
3

. (10)

��d²þ(�9�~Cq�¦��~§Ý [37]

Θ =
h

k

(
3n

4πV

) 1
3

vm, (11)

Ù¥ h ´ÊK�~ê, k ´À�[ù~ê, n ´��
¥¤¹�f�ê, V ´�����NÈ. ÏL (11)

ª=�±��ØÓØre�7á Ba 8��æ(�
��~§Ý, ��±�â (12) Ú (13) ª¦Ñ÷XØ
Ó¶���5N�þ [41] =÷X a ¶��5N�
þ Ba Ú÷X c ¶��5N�þ Bc:

β =
C11 + C12 − 2C13

C33 − C13
, (12)

Λ = 2(C11 + C12) + C33

+4C13β + C33β
2, (13)

146301-4
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Ba = a
dP

da
=

Λ

2 + β
, (14)

Bc = a
dP

dc
=

Ba

β
, (15)

Bc

Ba
=

C33 − C13

C11 + C12 − 2C33
=

1
β

. (16)

±þ��Ônþþ�3L 1 ¥. l¥�±wÑ,

Ba-II ��}��þ G �XØåO\kþ,�e
ü, ��3 9 GPa �mÑy���, =}��þ G

�XØåO\�3^z, ù�ª���A��~§
Ý�¥yÑaq�Cz. 
�â Lindemann Lz½
Æ [42], L:�'u�~§Ý, Ïd}��þ G ^
z�U´¢�þ [6] *	 Ba-II �äk�^�XØ
åkþ,�eü�Lz­���Ï. 
éu Ba-V,

Ù}��þÚ�~§ÝÑ�XØå,p, ýOÙ¬
k�^��Ç�Lz­�. Ó�5¿�7á Ba ¥
ü�8��æ(�A5�ØÓ, ÏL�	 Bc/Ba,

= 1/β 5ïÄ�	ü�8��æ(����É5
�¹. L¥ Bc/Ba �N
÷X c ¶Ú a ¶|Ø U
å�'�, XJ�u 1, �L c ¶Ú a ¶äk��Ó
5. lL¥ Bc/Ba �Øå�Cz�±wÑ, 3 Ba-II

�3�Øå«mS (5—12.5 GPa), Bc/Ba �u 1,

L« a ¶|Ø Uå�r; 
Ó�´8��æ(�
� Ba-V 3 50—60 GPa ��S, Bc/Ba �u 1, L«
3dØå«m c ¶|Ø Uå�r; 
�u 75 GPa,

Bc/Ba ��u 1, `² a ¶Ú c ¶|Ø Uå��,

LyÑ��Ó5.

4 ( Ø

æ^Äu�Ý�¼nØ�1��n�{é7
á Ba �n�pØ�3pØe�­½5Ú9ÄåÆ
5�?1
O�. Ba-I, Ba-II Ú Ba-V 3¢�®uy
�ÙØå��SÑ´ÄåÆÚåÆ­½�, � Ba-I

Ú Ba-II �XØåO\(fÌªÇ�3É~ “^z”,


éu� Ba-II Ó´8��æ(�� Ba-V, K�X
ØåO\Ù(fÌªÇKLyÑ�~� “Mz”.

(fÌO�Ó��«
 Ba-II 3 12.5 GPa =z�
�úÝ� Ba-V ��Ï´duÄåÆ�­. éü
�Ó� hcp (�� Ba-II Ú Ba-V, uyÙ a ¶Ú c

¶|Ø UåØÓ, LyÑØÓ��5��É5:

3 Ba-II �3�Øå��S, 8��æ(�� a ¶
' c ¶äk�p�|Ø Uå, 
éu Ba-V �,

3 50—75 GPa ��S, c ¶' a ¶äk�r�|
Ø Uå, 
�u 75 GPa �, a ¶Ú c ¶�|Ø 
Uå����, LyÑ��Ó5. ­wè���Ù
¦��~X Ca, Sr Ñ�3N%á� (bcc) Ú8��
æ (hcp) �, ·�uy�ÄåÆÚåÆ­½Å��
�U3 Ca, Sr �3, ùI��5nØÚ¢�ó��
?�ÚïÄ.
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Abstract

The stabilities and the thermal dynamical properties of the three high-pressure phases of Ba (Ba-I, Ba-II and Ba-V ) are investigated

systemically by first principles method. Our results show that all the three phase meet the criteria of mechanical and dynamical stabilities

at 0 K. With pressure increasing, the phonon frequencies in Ba-I and Ba-II phases become softened, whereas the Ba-V phase exhibits

the hardening of phonon frequencies. Although both Ba-II and Ba-V phase are the same hcp structures, they show different elastic

anisotropies under high pressure. We also find that Ba-II phase at higher pressure still meets the mechanical stability criterion, but does

not meet the dynamical stability criterion. The absence of dynamical stability may be the reason for the transition from Ba-II phase

to Ba-IV phase. We also calculate and make comparisons of sound velocity, Debye temperature, bulk modulus and shear modulus etc

between Ba-II and Ba-V phases, showing that Ba possesses the thermal dynamical properties under high pressure.

Keywords: Ba, high pressure, phonon curve, elastic constant
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