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æ^²¡Å�³�Ý�¼nØ�{é 0—60 GPa ·YØe BC5 8�¬X P3m1 Úo�¬X I 4̄m2 (��²ï
�¬�~ê!�5~ê!��É5±9Ñt'� Cauchy 6Ä?1
ïÄ. ïÄ(JL², BC5 �ü«(�3pØ
e´­½�, �Ø�Ø 5�XØr�O\
O�. ,	, éÙ>f(��?1
O�, O�(JL², BC5 �3�
��°��Y, ü«�fmk�r��d,z, á��5�Ì�d B � 2p1 Ú C � 2p2 �>f�Óû½. Øréá
��YÚ¤�U?NC���ÝA�vkK�, �Úå���¤£, �íäÙéÐ�pØ­½5.

'�c: BC5, 1�5�n, åÆ5�

PACS: 31.15.es, 71.15.Mb

1 Ú ó

7f�´­.þ�M�Ô� (B = 442 Gpa,
G = 535 GPa)[1−3], ���1!��óä±9æ�
á�, Ù5U´Ã�Ô'� [4], �":´´ÚçÚ
7á�A [5], �3p§ (> 700 ◦C) ^�e´�$z.
�Má��`�5UNy3ó�¥�­�A^, Ú
å<�é�Má�Ü¤ÚnØïÄ�2�,� [6],
X c-BN[7,8], ReB[3,9]

2 , BC2N[10] �. î8��, ó�
¥A^��Má��7f�!c-BN Úa7f�.
c-BN(HV = 62 GPa) ´8c@�MÝ=gu7f�
�á� [11], � Solozhenko �< [12] 3 2009 c��

Ü¤a7f�(�� BC5(HV = 71 GPa) �MÝ
�u c-BN, �äk�7f��q� XRD ã9ép
�9­½5, ´d3��Má�, �Ù(��(½
E,�3�½��Æ. �C, ©z [13] J�a7f
�(� BC5 �­½(��U� P3m1, Yao � [14]

$^1�5�n`z�� 4 «�U��m(�,
©O� I 4̄m2, Imm2, P3m1 Ú P -1. �'u BC5

� P3m1 Ú I 4̄m2 (��ïÄ��. Ïd, �©^
1�5�né 0—60 GPa ·YØe BC5 � P3m1
Ú I4m2 (��åÆ5�Ú>f(�?1
ïÄ.

2 O��{

�©|^Äu²¡Å�³�Ý�¼nØ MS
^�¥� CASTEP §S� [15] ?1O�. O�æ
^ Vanderbilt �^�³ [16], ��'éU^2ÂFÝ
Cq (GGA)[17] ¥� PBE ÚÛ��ÝCq (LDA)
[18,19] ¥� CA-PZ /ª. Ï�ü«Cq�{�3
�g�`":, GGA 3O�¥~~p�¬�~ê,
%$��5~ê; 
 LDA 3O�¥~~$�¬�
~ê, %p��5~ê. Ïd·�^ GGA Ú LDA
ü«CqO�(J�²þ�. À�Ó��O�°
Ý^gUS�{3��Fp�C� (fast Fourier-
transform, FFT) ��þé¬N�.?1(�`z,
¦Ù��­½�AÛ(�. 3(�`z�L§¥,
gU|Âñ°Ý� 5.0 × 10−6 eV/Å, z��fþ�
Aå 6 0.001 eV/Å, Aå � 6 0.02 GPa, ���
f £� 5 × 10−2 Å, ¤kO�þ3��¥�m?
1, �äUÚ k :���©O� 400 eV, 14× 14× 6
(P3m1) Ú 320 eV, 8 × 8 × 8 (I 4̄m2). O�L§¥ B
� 2s22p1 Ú C � 2s22p2 À�d>f.
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3 O�(JÚ?Ø

3.1 ²²²ïïï(((���

BC5 � I 4̄m2 (�áuo�¬X, Ù.x�f
�N%á�, Ù¥ B �fÓâ Wychoff ��: 2d, C
�f©OÓâ 4e, 2b Ú 4f  �. �m+ P3m1 áu
8�¬X, �� B �fÚ 5 � C �f©OÓâ 1a(0,
0, 0.007), 1a(0, 0, 0.2592), 1b(1/3, −1/3, 0.3386),
1b(1/3, −1/3, 0.5816), 1c(2/3, −2/3, 0.6646), 1c(2/3,
−2/3, 0.8999) �:, (�Xã 1 ¤«.

²LAÛ`z, O����¬�~ê!�5~
êÚN�þ�uL 1. lL 1 �±wÑ, �©O�
¤��NÈ�Ù¦�nØ�Ú¢��ÎÜ�éÐ,
�¢���'=�� 2.17%. 
¬�~ê a ÚN�
þ B �Ù¦�nØ�ÎÜ�éÐ, �'¢��©O
�� 30.34%Ú 15.82%. ù��8c��éu BC5

�(�ÿ�(½k'. �©¤O���5~êÚ
�N�þÑ�Ù¦�nØ�ÎÜ�éÐ. l LDA
Ú GGA O�¤��êâ¥��±wÑ, GGA 3O
�¥~~p�¬�~ê, $��5~ê; 
 LDA %
~~$�¬�~ê, p��5~ê.

ã 1 BC5 �(�ã (a) P3m1 (�; (b) I4̄m2 (�

L 1 O����"§"Øe¬�~ê a(Å), c( Å), ²ïNÈ V (Å3/atom), �5~ê Cij (GPa)!
�5�þ B(GPa), G(GPa), E(GPa) ÚÑt' ν ±9©z�'�

P3m1 I4̄m2

�©� ë�� �©� ë��

GGA LDA ²þ� ©z [13] ©z [14] Exp[11] GGA[20] LDA[20] GGA LDA ©z [14] ©z [21]

a 2.547 2.516 2.532 2.55 2.553 3.635 2.552 2.522 2.521 2.49 2.525 2.491

c 6.385 6.313 6.349 6.375 6.392 6.392 6.324 11.304 11.189 11.323 11.232

V 5.978 5.77 5.874 5.794 6.004 6.006 5.805 5.987 5.781

C11 792 868 830 865 931 852 913 775

C33 1001 1079 1040 1086 1164 841 906 830

C44 362 379 371 382 401 482 513 479

C66 307 313 304

C12 220 216 218 177 194 92 86 175

C13 85 92 89 64 69 152 175 169

B 374 401 388 335 379 407 371 400 385.6

G 343 374 359 386 410 391 413

E 788 856 865 922 868 921

ν 0.149 0.144 0.121 0.125 0.11 0.116

3.2 åååÆÆÆ555���

3ã 2 ¥, ·��Ñ�é¬�~ê a/a0, c/c0

Ú�éNÈ V/V0(a0, c0 Ú V0 ´"Øe�¬�~
êÚNÈ) �Ør p �'X. l GGA(LDA) O�¤
��±wÑ, 0—60 GPa ·YØeü«(�3 c ¶
���Ø�Ø 5Ñpu a ¶, ¿�ùpO�¤�
�ü|êâvk²wØÓ.

¯¤±�, N�þÚ}��þ´L²á�Ø�
Ø 5�ü�Ônþ, �}��þU�Ð�L�á
��MÝ [22]. 
¼�þdAå - AC'X½Â


5, ���^uÿþ�Ná��MÝ. }��þÚ

¼�þ�p, á��MÝ�� [23].

dL 1 ��, BC5 �8�¬X P3m1 (�}�
�þ©O� G=343GPa (GGA) Ú G=374 GPa (LDA)
©O´7f� (G=535 GPa)[1] � 64.1%Ú 69.9%,
´ c-BN(G=409 GPa)[22] � 83.9%Ú 91.4%; o�¬
X I 4̄m2 (�
¼�þ©O� E = 868 GPa(GGA)
Ú E = 921 GPa(LDA), } � � þ © O � G =
391 GPa(GGA) Ú G = 413 GPa(LDA), ©O´7
f � (G = 535 GPa)[1] � 73.1%Ú 77.2%, ´ c-
BN(G = 409 GPa)[22] � 95.6%Ú 101%, � � �
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u 2007 cÜ¤��Má� ReB2 �}��þ G =
283 GPa[24]. dd��, BC5 ´��8có�¥¤
A^��Má��'[�$Ø 5á�, �3pØ
eo�¬X(��Ø�Ø 5�u8�¬X(�.
���*£ã BC5 �5�, ã 3 �Ñ GGA O�¤
���5�þ�Ør�Cz'X. lã 3 �±wÑ,
N�þ B!}��þ G Ú
¼�þ E �XØr p

�O\
O�, `² BC5 �Ø�Ø 5ÚMÝ�X
Ør�O\
O�.

ã 2 BC5 �ü«(��é¬¶'9NÈ'�Ør�
Cz'X (a) P3m1 (�; (b) I4̄m2 (�

¢�y², 7áá���«MÝ��m, MÝ
��rÝ��mäkCq��A'X. MÝ�´d
å©�5C/|åÚUY�5C/|åû½�, á
��rÝ�p, �5C/|å�p, MÝ��Ò�
p. Ó�, MÝÚÙ¦åÆ5����á��÷*
Ú�*5�k', dá��f5!� ê!�d
�!�fmå�û½. á�MÝ���Á��{k
', Ïd�p�mØU��p�, ��±ÏLÁ�
5é'. 3nØþ, MÝ�N�þ���', éa
7f�(�MÝ�N�þm�£8[Ü²�'X
� [25](ü : kb)

H = 0.189B − 68.2.

^ þ ª O � Ñ BC5 � P3m1 ( � M Ý �
� 73.2 GPa, I 4̄m2 (�MÝ�� 73.5 GPa(d?¤
^êâ�^ GGA Ú LDA O�¤� B �²þ�),
þ�©z [11] ¥�¢���Î, ��u c-BN �M
Ý�, 
dþªO�Ñ�7f�MÝ�� 83.5 GPa.

ã 3 BC5 �ü«(��5�þ B, G, E �Ør p �Cz
'X

8�¬Xk 5 �Õá��5~ê, o�¬X
k 6 �Õá��5~ê, I�÷v�­½5IO©
O� [26]

C11 > 0, C33 > 0, C44 > 0,

C66 = (C11 − C12)/2 > 0,

(C11 + C12)C33 − 2C2
13 > 0,

C11 > 0, C33 > 0, C44 > 0, C66 > 0,

C11 − C12 > 0, C11 + C33 − 2C13 > 0,

[2(C11 + C12) + C33 + 4C13] > 0.

·�O�
 0—60 GPa ·YØe BC5 ��5
~ê!�5�þÚÑt', XL 2 ÚL 3 ¤«. L
¥êâ�æ^ GGA O�¤�. dL 2 ÚL 3 ��,
3 0—60 GPa �5~êþ÷vþã­½5^�, d
dýÿ BC5 3pØe�´åÆ­½�.

lL 2 ÚL 3 ��±wÑ��5�þ�Ør
O\
O�. ã 4 �Ñ
8�¬X��5~ê�
Ør�Cz'X. C11 Ú C33 �ØrO\¥y�5
O\, 
,	 4 ��5~ê�Ør�Cz��, c
Ù C44 Ú C66 =ÑO\. 3 0—60 GPaC33 ©ª�
u C11, `² BC5 � P3m1 (�3 z ���Ø�Ø
 5��u x Ú y ��, ù� z ��� B—C �d
�k'. Ó�, ·�é BC5 � I 4̄m2 (���5~
êÚØr�'X?1
�5[Ü, [Ü'XXe:

C11 = 860.43 + 5.76p, C33 = 838.29 + 4.81p,
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C44 = 495.11 + 2.10p, C66 = 305.04 + 0.59p, C12 = 86.75 + 1.38p, C13 = 156.89 + 2.76p.

L 2 BC5 � P3m1 (� 0—60 GPa �Ør:�5~ê Cij (GPa), �5�þ B(GPa), G(GPa), E(GPa) ÚÑt' ν

p/GPa(GGA) C11 C33 C44 C12 C13 B G E ν

0 868 1079 379 216 92 401 374 856 0.144

10 929 1136 393 238 114 436 391 903 0.155

20 991 1191 405 260 136 471 408 950 0.164

30 1045 1248 413 284 158 504 421 988 0.173

40 1101 1303 423 307 181 538 434 1026 0.182

50 1154 1355 433 329 203 570 448 1065 0.189

60 1209 1405 441 350 226 603 461 1102 0.195

L 3 BC5 � I4̄m2 (� 0—60 GPa �Ør:�5~ê Cij (GPa), �5�þ B(GPa), G(GPa), E(GPa) ÚÑt' ν

p/GPa(GGA) C11 C33 C44 C66 C12 C13 B G E ν

0 852 841 482 307 92 152 371 391 868 0.110

10 916 875 532 307 93 192 422 423 951 0.124

20 986 944 537 320 117 213 445 428 972 0.136

30 1038 981 557 322 127 236 473 440 1008 0.145

40 1094 1036 580 329 142 267 508 455 1051 0.155

50 1146 1077 600 331 153 295 539 468 1089 0.163

60 1200 1125 618 343 172 323 573 482 1129 0.172

ã 4 BC5 � P3m1 (��5~ê Cij ÚØr p �'X

dd��, C11 Ú C33 ' C44, C66, C12, C13 �
Ør�O\Cz�²w. ¢Ã�´, ùpvkÙ¦
©z��ë�.

8�(����É5ëêd±eúª�Ñ [27]:

4p = C33/C11,

4S1 = (C11 + C33 − 2C13)/4C44,

4S2 = 2C44/(C11 − C12),

Ù¥ 4p �Ø Å��É5, 4S1, 4S2 �ü�}�
Å��É5, nöÑ� 1 `²á����Ó5 [28].
ã 5 �Ñ
O�¤�� 3 ���É5ëê�ØrC

z­�. 4p, 4S1 Ú 4S2 3�Ør:Ñ l 1, `
² BC5 � P3m1 (�¥y��É5. e ν 3 0.25—
0.5 ��S`²�¥%å [29], 
lL 2 O����
��� BC5 � ν �3 0—60 GPa �,k¤O\, �
$u 0.25, ¤±��¥%å. Cauchy 6Ä�±L�
�N�¥%å�A5, ¿dúª C12 = C66 + 2p,
C13 = C55 + 2p, C23 = C44 + 2p[28] �Ñ. 3Ø�
Ä§ÝK�Ú"Øe, 8�¬X� Cauchy 6Ä�
L«� C12/C66 Ú C13/C

[28]
55 , O��©O� 0.66

Ú 0.24. 3·YØ�^e, Cauchy 6Ä'X�Lã
� [28]

3C12 − C11 = 4p, C13 − C44 = 2p.

ã 6 �Ñ
 Cauchy 6Ä�Ør�Cz'X. �
±wÑ, 6Ä�ØrO\
ü$, 3C12 − C11 = 4p

�ØrO\
�ÌÝü$, C13 − C44 = 2 p ÉØr
K�Ø�.

é u o � ¬ X, C55 = C44, C23 = C13,
� Cauchy 6Ä�deªLã:

C12 − C66 = 2p, C13 − C44 = 2p.

ã 7 ¥ BC5 � I 4̄m2 (� Cauchy 6Ä�Ør
O\
üN4~. Ù�Ï´�ØrO\�fü��
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\;�, �¥%åk¤~f.

ã 5 BC5 � P3m1 (��5��É5�Ør� p Cz'X

ã 6 BC5 � P3m1 (� Cauchy 6Ä�Ør p �Cz'X

ã 7 I4̄m2 (� Cauchy 6Ä�Ør p �Cz'X

4 >f(�

��õ�
) BC5 �5�, ·��^ GGA
Ú LDA ©OO�
 P3m1 Ú I 4̄m2 ü«(�"Ø
e�U�(�Ú��Ý. ü«O��{¤�(J4
��q, ���Ñ^ GGA O��(J (ã¥J��
¤�U?). ã 8 Úã 10 ©O� BC5 � P3m1 (�

Ú I 4̄m2 (�÷Ùp�«pé¡���U�(�,
ã 9 Úã 11 ©O� BC5 � P3m1 (�Ú I 4̄m2 (
����Ý. lã 8 Úã 10 �±wÑ, 3¤�U?
?Ø�", éA�ã 9 Úã 11 ��Ýã¥¤��
?o��ÝØ�", `² BC5 ¥y7á5. Ó�l
U�ãuy BC5 � I 4̄m2 (��3���°��
Y (Eg ≈ 2.5 eV), �"¤�·^up§^��d3
��Má�. U�(�Ú�Y3 0—60 GPa þÃ²
wUC, ?�Úy²
á�3pØe�­½5.

ã 8 BC5 � P3m1 (�U�(�

ã 9 BC5 � P3m1 (���Ý

ã 10 BC5 � I4̄m2 (�U�(�
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ã 11 BC5 � I4̄m2 (����Ý

ã 12 BC5 � I4̄m2 (�o��Ý�Ør p �Cz

�
��*�ïÄØré BC5 5��K�, ·
��O�
 I 4̄m2 (�ØÓØr:¤�U?NC
�o��Ý, Xã 12 ¤«. dã��, Øré¤�
U?NC���ÝÚ�YA�vkK�, �Úå�
�Ý���¤£.

5 ( Ø

�©æ^1�5�nO�
 0—60 GPa ·Y
Øe BC5 � P3m1 Ú I 4̄m2 (��²ï�¬�
~ê!�5~ê!��É5±9Ñt'� Cauchy
6Ä. O�(JL², BC5 �ü«(�3pØe´
­½�, �Ø�Ø 5�ØrO\
O�. Ó�,
BC5 � P3m1 (� C11 Ú C33 �ØrO\¥�5
O\, 3 0—60 GPa C33 ©ª�u C11, `² BC5

� P3m1 (�3 z ���Ø 5�u x Ú y ��,
ù� z ��� B–C �d�k'. ÏLéÙ��É
5ëê©Û��, Ør�O\UC
 P3m1 (�
���É5, ¦ÙØ ���É5ü$, 
}��
þ��É5k¤O\. ÏLéMÝ��[O�, �
��¢�(J����(Ø. 3é²ï(�ÚMÝ
�nØïÄ¥Ã{éü«O�(J�Ø�Ø 5
?1'�, �k
¼�þw« I 4̄m2 (��Ø�Ø
 5�pu P3m1 (�. �©�ïÄ
 BC5 �Ñ
t'� Cauchy 6Ä�Ør�Cz, `²�fm�
p�^å��¥%å. ,	, éÙ>f(��?1

O�, O�(JL², BC5 �3���°��Y,
ü«�fmk�r��d,z, á�5�Ì�d B
� 2p1 Ú C � 2p2 >f�Óû½. ���¤�U?
?��ÝÌ�d B � 2p1 Jø, �dzÜÔ¥y7
áA5. ,	, Øréá��YÚ¤�U?NC�
��ÝA�ÃK�, �Úå���¤£, �íäÙ
éÐ�pØ­½5, ¿�"¤�·^up§^��
d3��Má�.

[1] Cohen M L 1985 Phys. Rev. B 32 7988
[2] Liu Y L, Kong F J, Yang B W, Jiang G 2007 Atca Phys. Sin. 56

5413 (in Chinese) [4±û, ��#, 
@�, öf 2007 ÔnÆ
� 56 5413]

[3] Liu Y Y, Bauer-Grosse E, Zhang Q Y 2007 Atca Phys. Sin. 56
6572(in Chinese)[4ÿÿ, E. Bauer-Grosse, Ü�Õ 2007 ÔnÆ
� 56 6572]

[4] Novikov N V 2005 J. Mater. Proc. Tech. 161 169
[5] Chung H Y, Weinberger M B, Levine J B 2007 Science 316 436
[6] Kaner R B, Gilman J J, Tolbert S H 2005 Science 308 1268
[7] Knittle E, Kaner R B, Jeanloz R, Cohen M L 1995 Phys. Rev. B

51 12149
[8] Hao Y J, Cheng Y, Wang Y J, Chen X R 2007 Chin. Phys. 16 217
[9] Zhu X L, Li D H, Cheng Y L 2008 Solid State Commun. 147 301
[10] Solozhenko V L, Andrault D, Fiquet G, Mezouar M, Rubie D C

2001 Appl. Phys. Lett. 78 1385
[11] Solozhenko V L, Dubrovinskaia N A, Dubrovinsky L S 2004 Appl.

Phys. Lett. 85 1508
[12] Solozhenko V L, Kurakevych O O, Andrault D, Godec Y Le,

Mezouar M 2009 Phys. Rev. Lett. 102 015506

[13] Calandra M, Mauri F 2008 Phys. Rev. Lett. 101 016401
[14] Yao Y, Tse J S, Klug D D 2009 Phys. Rev. B 80 094106
[15] Segall M D, Lindan P J D, Probert M J, Pickard C J, Hasnip P J,

Clark S J, Payne M C 2002 J. Phys.: Condens. Matter 14 2717
[16] Ceperley D M, Alder B J 1990 Phys. Rev. B 41 7892
[17] Perdew J P, Burke K, Ernzerhof M 1996 Phys. Rev. Lett. 77 3865
[18] Ceperley D M, Alder B J 1980 Phys. Rev. Lett. 45 566
[19] Perdew J P, Zunger A 1981 Phys. Rev. B 23 5048
[20] Liang Y C, Zhang W Q, Zhao J Z, Chen L F 2009 Phys. Rev. B

80 113401
[21] Shao X 2010 Chin. Phys. Lett. 27 016101
[22] Teter D M 1998 MRS Bull. 23 22
[23] Peng F, Chen D, Yang X D 2009 Solid State Communications 149

2135
[24] Zhou W, Wu H, Yildirim T 2007 Phys. Rev. B 76 184113
[25] Sung C M, Sung M 1996 Mater. Chem. Phys. 43 1
[26] Born M 1940 Proc. Combridge Philos. Soc. 36 160
[27] Neumann G S, Stixrude L 1999 Phys. Rev. B 60 791
[28] Zha C S, Mao H-k W, Hemley R J 2004 Phys. Rev. B 70 174107
[29] Ledbetter H M 1973 J. Phys. Chem. Solids 34 721

023103-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 2 (2012) 023103

First-principles calculations for the mechanical
properties of BC∗

5

Li De-Hua1)† Su Wen-Jin1) Zhu Xiao-Ling2)

1) ( College of Physics and Electronic Engineering, Sichuan Normal University, Chengdu 610066, China )

2) ( College of Physics Science and Technology, Sichuan University, Chengdu 610064, China )

( Received 31 March 2011; revised manuscript received 6 May 2011 )

Abstract
We employ ab initio plane-wave pseudo potential density functional theory to calculate the equilibrium lattice parameters, elastic

constants, anisotropies, Poisson’s ratios, and the Cauchy violation under hydrostatic pressures of 0—60 GPa for BC5 with hexagonal
P3m1 and tetragonal I 4̄m2 structures. The results show that two structures are stable under high pressure and the incompressibility
increases with pressure. In addition, the electron structures, the total and the partial densities of states are also calculated. BC5 is found
to be metallic with band gap, unlike other B–C compounds. The material properties of BC5 are mainly determined by B 2p1 and C 2p2

electronic states together. All these show that BC5 is an unusual super hard material, and it may be a potential candidate for diamond
at high temperature. The given density of states indicates the covalent hybridization between B and C atoms in this compound. The
pressure slightly influences the density of states and the band gap, indicating stability under high pressure. We also find that pressure
has no influence on the density of states near Fermi level and the band gap, except for slight shifts of the bands. It can be further inferred
that BC5 will have good stability under high pressure.

Keywords: BC5, first-principles, mechanical properties
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