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α-, β- ÚÚÚ γ-Si3N4 pppØØØeee���>>>fff(((���ÚÚÚ���CCC:
111���555���nnnïïïÄÄÄ*

{�° �À†

( &���Æ�Ôn>fó§Æ�, &� 464000 )

( 2011 c 12 � 26 FÂ�; 2012 c 4 � 1 FÂ�?Uv )

�©æ^1�5�nµee��³²¡Å�{(Ü�Äa�~�.ïÄ
 α, βÚ γ-Si3N4 3p§e�:
~
ê, �5~êÚ�5�þ. ïÄuyn«Ó�É�N�N�þÑép. β-Si3N4 3$§eLyÑy5, 3p§eKL
yÑòÐ5. γ-Si3N4 3$§Úp§eÑ´y5��dzÜÔ. β→ γ�C��.�Ç���, `²3�p§Ý�Ü
¤ γ-Si3N4 ¤I�Ør��p. α→ γ�C��.�±L«¤ P = 16.29 − 1.835 × 10−2T + 9.33945 × 10−5T 2 −
2.16759 × 10−7T 3 + 2.91795 × 10−10T 4. �©�©Û
 Si3N4 Ó�É�N3pØe���ÝÚU�. 3 α-Si3N4

¥Ì�´ Si-s, p Ú N-s, p �;�,zé¬N�½5å�^. αÚ β-Si3N4 Ñäk ΓV—ΓC a.�m��Y (©O
´ 4.9 eV Ú 4.4 eV)  γ-Si3N4 äk���Y (3.9 eV). ïÄ�uy α-Si3N4 Ú β-Si3N4 �d�º©O÷X Γ—M

Ú Γ—A ��. �©�O�(JÚ®k�¢�êâ´���.

'�c: 1�5�n, �5~ê, �C, �zÔ

PACS: 71.15.Mb, 82.60.Fa, 62.20.De, 77.84.Bw

1 Ú ó

duäkzÆ½5Ð, |Ø 5Ð, F@¡,
MÝp, Å�5UÐ, >{Çp, 1Æ5UÐ�A
5, �z7 (Si3N4) ��NCc53>bó�, Å
�ó�, Øó�, �Êó�, ð�Ú�, ��U>³
�+�Ñk2��A^ [1−8]. C�c5, �X�
5�8¤>´�uÐ, Si3N4 ��N31>fó
�¥kã��A^då [9]. Si3N4 3~§~Øe
kü«Ó�É�N, = α-Si3N4 Ú β-Si3N4(Ñáu
8�¬X). <�Ï~@� α-Si3N4 ´?uæ�,
β-Si3N4 â´ Si3N4 ¬N�$§�. 1999 c, Zerr
� [10] ÄgÏL¢�Ü¤
 Si3N4 �1n«Ó�É
�N γ-Si3N4 (á�k¬�(�). �<�3pØe
é α-Si3N4 Ú β-Si3N4 ?1\9�, ùü«¬NÑ
¬=C¤ γ-Si3N4

[2,10−12].
Togo � [13] u y β → γ � C � � C Ø Pt

� 12.5 GPa (T = 300 K). Ï L X � � û � ¢
�, Kruger � [14] u y α-Si3N4 3 295 K Ú 0—
48 GPa Ør��SÑU�±(�½. Kuwabara
� [3] O��� β → γ �C��CØ� 5—7 GPa
(T = 300—2300 K). 2011 c, Xu � [2] �é α → γ
Ú β → γ � � C 5 Æ ? 1 
 ï Ä, � ´ ¦ �
' u α → γ � C � ï Ä ( J (Pt = 8.5 GPa,
T = 1700 K) Ú¢��Ø�� (Pt = 17 ± 0.5 GPa,
T = 1673— 1873 K)[15]. ©z [16] �(Ø´ α → β
� C u ) 3 3—6 GPa � m. © z [15] � ( Ø
´ α → β �C3 1573 K (P = 7.7 GPa) �m©,
3 2373 K ��¤. =¦3fm©�C�)¤� β-
Si3N4 ¬â�é�� [15]. nþ, 8c'u α-, β-
Ú γ-Si3N4 �C5Æ�ïÄ(Ø�pgñ, ¤±k
7�?�ÚïÄ Si3N4 ¬N��CL§.

¯¤±�, á��>f(��ÙÔn5U�
��' [17]. 1995 c, Xu � [9] æ^���f;
��5|Ü�{ [18] ïÄ
 α-Si3N4 Ú β-Si3N4
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���Ý!U�Ú>f�Ý�5�. Liu � [19]

�é β-Si3N4 �>f�ÝÚU�?1
ïÄ. Mo
� [20] �æ^���f;��5|Ü�{ [18] ï
Ä
 γ-Si3N4 �U�!��ÝÚ0>¼ê. þã
ïÄ¥�3�ÊH¯K´vk�ÄØr½§Ý
�K�,  Si3N4 �ó��¸Ï~´3p§½p
Øe [11,20−22]. ·�uy8cé Si3N4 �ïÄÌ
�8¥3 β-Si3N4 Ú#uy� γ-Si3N4 þ, q�Ä
�º�v
�� Si3N4 ü¬Ø´�� [23,24], Ïd
k'Tá��5~ê, pØe>f(�Ú�C5
Æ�ïÄ�é�. �©Ì�ïÄ: 1) Si3N4 ¬N�
�ã (= α, β Ú γ-Si3N4 3p§pØe��C5
Æ), AO´�¼� αÚ γ-Si3N4 �m��.; 2) ï
Ä Si3N4 Ó�É�N3p§e�:
~ê!��
Ý!U�Ú�5�þ�5�.

2 O��.ÚO��{

β-Si3N4 3~§e�8�(�, ¬�¥¹kü
� Si3N4 ü� (14 ��f). α-Si3N4 �¬�' β-
Si3N4 �¬����, �fê8�õ��. α-Si3N4

¥� Si �fÓâ 6c (1/12, 1/2, 3/4) Ú 6c (1/4, 1/6,
1/2) Wyckoff � , N �fÓâ 6c (2/3, 2/3, 1/2),
6c (1/3, 1/3, 3/4), 2b (1/3, 2/3, 3/4) Ú 2a (0, 0, 1/2)
�  [25]. �©æ^ P31c Ú P63/m �m+5©
O ( ½ α Ú β-Si3N4 ¬ N � é ¡ 5 [3,26,27]. β-
Si3N4 ¬�¥�ØÓ�fÓâ 6h � , = N(1/3,
2/3, 1/4), N (0.321, 0.025, 0.25) Ú Si (0.1740, 0.7659,
0.25)[26−28]. γ-Si3N4 � á � k ¬ � ( � (� m
+ Fd − 3m), z�¬�¹k 56 ��f. ØÓ«
a��f©OÓâ Si-8a (1/8, 1/8, 1/8), Si-16d (1/2,
1/2, 1/2) Ú N-32e (0.2625, 0.2625, 0.2625) �  [10].
� β ��', α �Ï~���´ Si3N4 �æ½
� [14,29,30]. γ-Si3N4 �¤±�, ´Ï� Si �fÄ
g�uy3��zÜÔ¥Óâl¡N � [20].

�©ÏL¦) Kohn-Sham �§5(½¬N�
AÛ(� [31], 3O��æ^�³²¡Å�{ [32].
�©æ^2ÂFÝCq (GGA) e� Perdew-Burke-
Ernzerhof (PBE) ¼ê?n���'�¼ [33]. Â
ñÿÁL²ÀJ 500 eV ��äU´T��. �
f��Û��³�½� Si-3s23p2 Ú N-2s22p3. �
â Monkhorst-Pack �Y [34], �©©Oæ^ 4×4×7,
4×4×12 Ú 8×8×8 � k :��5£ã α, β Ú γ-
Si3N4 �Ùp�«. 3(�`zL§·��é¬�

SÜ�f?1
µþ. ¬�oUþ�Âñ°Ý��
� 10−6 eV/�f. �e5, ·�æ^�Äa�~�
. (QHD) 5ïÄá��9åÆ¼ê [35], 3T�.
¥�²ï�¬N� Gibbs gdU G∗(V ;P, T ) �±
L«¤

G∗(V ;P, T ) = E(V ) + PV + Avib(T, θD(V )), (1)

Ù¥ PV �L·YØ, Avib ´�Ä Helmholtz gd
U. õ«9åÆ¼ê�±ÏL[Üd�³²¡Å�
{����X�Uþ - NÈêâ�� [36]

P =3B0fE(1 + 2fE)5/2
[
1 +

3
2
(B′ − 4)fE +

3
2

(
B0B

′′

+ (B′ − 4)(B′ − 3) +
35
9

)
f2
E

]
, (2)

Ù¥ fE = [(V0/V )2/3 − 1]/2. 'u QHD �.�Ä
:nØÚO�úª�±ë�©z [35].

3 (J�?Ø

�©ÄkéÓ�É�N� αÚ β�?1
`
z, (J�uL 1 ¥. GGA �¼O��� α-Si3N4

�:
~ê (a = 0.7781 nm Ú c = 0.5641 nm) �
¢��ÚnØêâ¬Ü���Ð. a, c Ú V Ñ�
X§Ý�,p�5O�, ù�¯¤±�� “9äe
 ” y��Î. O���� α Ú β-Si3N4 �:
~
ê'¢��Ñ�, ù´Ï� GGA �¼Ï~p�:

~ê. �©�O��Ú¢������éØ�
� 0.47%, �u GGA �¼�²þØ� (1%—2%).
�©�O��ÚÙ¦©z�(J�Î, `²O�´
k��, (J´�&�. â·�¤�, 8cvk'
u αÚ β-Si3N4 p§e�:
~ê�nØêâÚ¢
���øë�.

�5~ê Cij �±ÏL¬�oUþ E(V, δ) �
�VÐm5¼�, E(V, δ) �L�½NÈ V ÚAå δ

��oUþ, äNO�úª´ [27]

E(V, δ) =E(V0, T ) + V0

[ ∑
τiξiδi

+
1
2

∑
Cijτiξiδi

]
, (3)

Ù¥ E(V0, T ) �L?u²ïNÈ V0, A½§Ý T ,
ÃAå�¬N�oUþ. τi ´AåÜþ; ξi ´ Voigt
�ê [43]. E(V0, T ) �±ÏL�Äa�~�.O�
��. �[�O�úª�w©z [44]. 8� β-Si3N4

�N�þ BH, }��þ GH, ¼�þ E, Ñt' σ

ÚØ Ç K �O�úª�±ë�©z [45], O�(
J�uL 2 ¥.
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L 1 αÚ β-Si3N4 �:
~êÚ¬�NÈ

α−Si3N4 T/K a/nm c/nm V/Å3 β-Si3N4 T/K a/nm c/nm V/Å3

�© (GGA) 0 0.7781 0.5641 295.8 �© (GGA) 0 0.7632 0.2915 147.1

�© (GGA) 300 0.7791 0.5648 296.9 �© (GGA) 300 0.7679 0.2933 149.7

�© (GGA) 900 0.7800 0.5655 297.9 �© (GGA) 900 0.7732 0.2953 152.9

�© (GGA) 1500 0.7812 0.5664 299.4 �© (GGA) 1500 0.7780 0.2971 155.7

nØ� [14] 0 0.7757 0.5623 293.0 �© (GGA) 1800 0.7800 0.2979 156.9

nØ� [37] 0 0.7754 0.5630 — nØ� [37] 0 0.7593 0.2921 —

nØ� [38] 0 0.7818 0.5591 — nØ� [38] 0 0.7595 0.2902 —

nØ� [28] 0 0.7792 0.5614 — nØ� [28] 0 0.7622 0.2910 —

¢�� [39] 0 0.7755 0.5621 — ¢�� [39] 0 0.7607 0.2907 —

¢�� [40] 0 0.7766 0.5615 — ¢�� [42] 0 0.7607 0.2911 —

nØ� [41] 0 0.7761 0.5628 293.6 nØ� [41] 0 0.7533 0.2934 144.2

L 2 β-Si3N4 ��5~ê Cij , N�þ B, õ¬N�N�þ BH, }��þ GH, ¼�þ E(ü þ� GPa), Ñt
' σ, BH/GH ÚØ Ç K (10−3/GPa)

T/K C11 C12 C13 C33 C44 C66 B BH GH BH/GH K E σ

0 413.8 183.9 102.7 530.8 96.9 114.9 237.3 237.4 121.5 1.954 4.21 311.4 0.281

300 397.6 154.6 89.5 504.3 98.8 121.5 218.2 218.4 124.1 1.940 4.58 313.0 0.261

1200 368.6 128.5 69.1 464.6 100.8 120.1 192.5 192.7 123.2 1.623 5.19 304.6 0.236

1800 357.2 116.4 59.5 444.8 102.9 120.4 180.9 181.0 123.0 1.462 5.53 301.0 0.223

lL 2 ¥�±w�, �5~ê Cij (Ø
 C44

Ú C66) Ú�5�þ (Ø
 GH Ú K) Ñ�X§Ý
�,p~�. K Ú C44 �X§Ý�,pO�;
C66 Ú GH �X§Ý,pkO��~�. β-Si3N4

�Ø Ç�X§Ý�,pO�, ù�y�Ú β-
Si3N4 3pØeA�Ø�Ø ´ØÓ� [19], `²
§Ýé β-Si3N4 �K���. �â Pugh OK [46],
B/G �u 1.75 �á�Ï~LyÑòÐ5. O��
�� B/G 3 1.954—1.462 �m, L² β-Si3N4 3~
§eäkòÐ5 [47]. β-Si3N4 �òÐ5�X§Ý�
,p~f, 3p§e=C¤y5á�. ,��¡,
Ñt'�u 0.1 ´�dzÜÔ�A�, ;.lfz
ÜÔ�Ñt'� 0.25 �m [48], }��þÚN�þ
�'� G/B ≈ 0.6 [49]. �§Ýl 0 O�� 1800 K
�, G/B ÚÑt'©O� 0.512—0.684 Ú 0.281—
0.223, L² β-Si3N4 �zÆ�Ì�´lf� [50]. 8
�¬N½5� Born �â [51] �±^e�Ø�ª
L«:

C11 > |C12| , C44 > 0, C66 > 0, (4)

(C11 + C12)C33 − 2C2
13 > 0, (5)

L 2 ¥��5~êÑ÷vþ¡A�Ø�ª. Ï
d β-Si3N4 3 0—1800 K ��SU
�±½.

© z [52, 53] � Ñ � ¢ � � (C11 = 343—
433 GPa, C12 = 136—195 GPa, C13 = 120—
127 GPa, C33 = 574—600 GPa, C44 = 108—
124 GPa, C66 ≈ 119 GPa) 9 n Ø � (C11 =
409.3 GPa, C12 = 271.2 GPa, C13 = 200.6 GPa,
C33 = 603.6 GPa, C44 = 108.0 GPa, C66 =
69.0 GPa)[41], (C11 = 447.5 GPa, C12 = 214.0 GPa,
C13 = 165.1 GPa, C33 = 580.2 GPa, C44 =
115.0 GPa, C66 = 116.5 GPa)[54] Ñ�±Ú·��
(J?1é'. Hirosaki � [38] æ^¬�ÄåÆ
�{�� β-Si3N4 ��5~ê (C11 = 591 GPa,
C12 = 182 GPa, C13 = 162 GPa, C33 = 690 GPa,
C44 = 189 GPa, C66 = 205 GPa). ¢���~©
Ñ´Ï�éJ��v
�� Si3N4 ü¬N. o�
5`, ·��O�(JÚþã(J´���. �
Ä� GGA Ï~$�¬N�N�þ, �©�O�
(JÚ¢�� (B = 233 GPa, G = 123 GPa[55],
B = 249 GPa[56], B = 259 GPa[53], B = 238 GPa,
E = 306 GPa, σ = 0.285 [57]) 9nØ(J (B =
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262.1 GPa[37], B = 234 GPa[58], B = 232.7—
266 GPa[2]) ´�Î�, ù�y¢
�©(J�O
(5.
γ-Si3N4 �N�þ B, ¼�þ E, }��þ G,

Ñt' σ Ú��É5Ïf A ��[O�úª�±
ë�©z [59]. XL 3 ¤«, �©�O�(JÚ¢
����. :
~ê a �X§Ý�,pO�. C11

Ú C44 Ñ�X§Ý�,p~�, �5�þ B, G,
E ÚÑt' σ ��X§Ý�,p~�. A �X
�§Ý�,pO�, L² γ-Si3N4 ���É5Å

ìOr. B/G, Ñt' σ Ú C44/C12 ©O� 1.148—
1.080, 0.162—0.146 Ú 1.86—2.06, L² γ-Si3N4 ´
y5á�, Ù�d��X§Ý�,pOr [12]. ,
��¡, á�¬N� Born ½5OK´ [63]

C44 > 0, C11 > |C12|,

C11 + 2C12 > 0,
(6)

L 3 ¥��5~êÑ÷vØ�ª (6), `² γ-
Si3N4 3 0—1800 K § Ý � � S � ± � ± á �
(�.

L 3 γ-Si3N4 �:
~ê!�5~êÚ�5�þ (:
~ê a (nm), �5~ê C11, C12, C44 (GPa), N�þ B (GPa), }��
þ G (GPa), ¼�þ E (GPa), Ø Ç K (10−3 GPa−1), Ñt' σ Ú��É5Ïf A)

T/K a C11 C12 C44 B G K E A σ

�© (GGA) 0 0.7773 512.1 177.3 330.9 288.9 251.7 3.46 585.2 1.94 0.162

�© (GGA) 300 0.7783 503.1 174.1 327.8 283.8 248.6 3.52 577.2 1.64 0.161

�© (GGA) 1200 0.7818 480.9 161.7 320.8 268.1 242.4 3.73 558.8 1.67 0.152

�© (GGA) 1800 0.7846 462.6 152.5 314.8 255.8 236.9 3.91 543.1 1.69 0.146

LDA[12] 0 — 532.6 191.2 341.0 305.0 258.3 — 604.3 1.92 0.169

LDA[60] 0 0.7664 550.6 191.0 349.4 310.9 264.6 — 618.3 1.90 0.168

GGA[60] 0 0.7756 499.6 159.0 333.6 272.5 252.0 — 577.8 2.01 0.146

O�� [10] a = 0.7760 B = 300 O�� [1] a = 0.7846 B = 335 LDA[61] a = 0.7699 B = 308 G = 258 G = 261 [62]

O�� [32] a = 0.5425 B = 412 LDA[3] a = 0.7695 B = 320 ¢�� [5] a = 0.7699 B = 290 G = 148 E =379 σ = 0.28

LDA[24] a = 0.7696 B = 321 GGA[19] a = 0.77894 B = 285 — — — —

�
ïÄ Si3N4 Ó�É�N�½5Ú�C
5Æ, �©O�
 Gibbs gdU. ã 1(a) ´ αÚ β-
Si3N4 � Gibbs gdU�Ør�Cz'Xã. α
Ú β-Si3N4 � Gibbs gdUÑ�XØr�O\
�5O�. 3 0—45 GPa ��S, β-Si3N4 �gd
Uo´' α-Si3N4 �gdU$, `² β-Si3N4 �
½, ù�:�©z [2] �(Ø��. α → β �CØ
¬3 T = 0 Ú P = 0—45 GPa ��Su). pØ
e α-Si3N4 �¬��U¬�Û, /¤aq β-Si3N4

@�� SiN4 o¡N(�, %Ø¬UC α-Si3N4 ¬
N��§kS [14]. ¦+ β-Si3N4 ¬3�½^�e
=z¤ γ-Si3N[2]

4 , � β-Si3N4 3"§e��ØrO
�� 45 GPa �EU½�3 [57]. Kruger � [14]

ÏL X ��û�¢�uy α-Si3N4 3¿§e�±
3 0—48 GPa ��S�±½. ïÄuy α→ β�
C¬3 7.98 GPa e (T = 1600 K) u) (α→ β�C
�7�^���´ T > 1500 K). α → β�C�5
Æ®²3·��K|�,��©Ù¥?1
�[
?Ø [64]. ã 1(b) ´ 300 K � βÚ γ-Si3N4 � Gibbs
gdU�Ør�Cz'Xã. ã¥ü^�����

:éA�ØrÒ´�CØ Pt. O�y¢ β�¬3p
§pØe=C¤ γ-Si3N4 (8.48 GPa, 300 K). β-Si3N4

3$Ø��gdU�$, γ-Si3N4 3 P > 8.48 GPa
��gdU�$. �X, ·�3ã 1(c) ¥�Ñ
 α
Ú γ-Si3N4 � Gibbs gdU�� (∆G = Gα − Gγ)
�Ør�Cz5Æ. 3 1700 K §Ýe, �XØr
�,p γ-Si3N4 Ñy3�ã¥. α → γ �CéA
��CØ Pt = 16.1 GPa, ��Øè¢��(J�
� (17±0.5 GPa, T = 1673—1873 K)[15,65]. Xu � [2]

¦^ VASP ^���
 αÚ γ-Si3N4 ��.. ¦�
�� Pt = 8.3 GPa (T = 1700 K)[2].

ã 1(d) ´ α, β Ú γ-Si3N4 n«Ó�É�N
� � .. β → γ � C 3 300 K, 600 K, 1000 K,
1400 K Ú 1800 K ���CØ©O´ 8.48, 8.99,
9.92, 10.89 Ú 11.87 GPa. 3 300 K �, �©����
CØÚ Zhang � (10 GPa)[66], Togo � (13 GPa)[22],
Sekine � (36 GPa)[67] 9 Kuwabara � (6.3 GPa)[3]

�(J´���. ¢���~©Ñ´Ï�¢�
ÿþ��¬¹k"�Úí�, õ«¢��Ü¤^
��ØÓ [3]. c<�nØïÄ��� β → γ �
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.� 10—13 GPa (T = 0—3000 K)[22], 7.5—9 GPa
(T = 300—2000 K)[2] Ú 5.2—6.5 GPa (T = 300—
2400 K)[3]. ��5¿�´, Kuwabara � [3] «@¦
�¼���.�U�$�
. β→ γ�.� Clapey-
ron �Ç [3] ´��, L²§Ý�p��CØ��.
α → γ�C� Pt �XØr�,pÄkO�, ,�
�ú�~�. �§Ýl 200 K Cz� 1800 K �, Pt

�CzØ�L 2 GPa. α → γ �C� Pt é§ÝC
zØ¯a, L² α → γ �CL§Ì�´¬�NÈ
�Cz. �â Clausius-Clapeyron 'X [3], �.��
Ç (dT/dP ) ´d ∆S/∆V (½�, Ù¥ ∆S Ú ∆V

©O´�ÚNÈ�Oþ. �.��Ç��L«�C
��X¬�NÈ�¥ . ÏLõ�ª[Ü�±��

P =7.67 + 6.3 × 10−3T − 2.64451 × 10−5T 2

+ 6.7625 × 10−8T 3 + 8.79977410−11T 4,

(β→ γ), (7)

P =16.29 − 1.835 × 10−2T + 9.33945 × 10−5T 2

− 2.16759 × 10−7T 3 + 2.91795 × 10−10T 4,

(α→ γ). (8)

�©��� 300 K, 600 K, 1000 K, 1400 K Ú 1800 K
§Ýe� α → γ�CØ©O´ 15.22, 15.98, 16.57,
16.52 Ú 15.90 GPa. Xu � [2] ��� α → γ �
C� Pt = 7— 8.5 GPa (T = 300—2300 K). Jiang
� � � � ¢ � � ´ 17 ± 0.5 GPa (T = 1673—
1873 K)[15,65]. �©�(JÚ©z [2] �(JØÓ,
E¤ù«�É��ÏÿØ²(. Ïd'u α→ γ�
CL§Ek7�?�ÚïÄ.

ã 1 (a) 3 0 K � αÚ β-Si3N4 � Gibbs gdU�Ør�Cz'Xã; (b) 3 300 K � βÚ γ-Si3N4 � Gibbs gdU�
Ør�Cz'Xã; (c) αÚ γ-Si3N4 � Gibbs gdU�� ∆G �Ør�Cz«¿ã; (d) α, βÚ γ-Si3N4 ��ã

�e5, �©ïÄ
 α, β Ú γ-Si3N4 �o�
�Ý (TDOS) Ú��f�©Å��Ý (PDOS), (
J3ã 2 ¥�Ñ. Ï� Si-3d ��é��Ý��
zé� [68], ¤±�©vk�Ñ Si-3d ;����
Ý. ã 2(a) ´ α, β Ú γ-Si3N4 �o��Ý. �±w
�, Ø
��Ñk«O	, α Ú β-Si3N4 ���Ý

�~�q. ù´Ï�üö�¬�(�é�q. α-
Si3N4 �d���� 4 eV ��Y©�¤üÜ©, =:
 u −19—−14 eV ��$Uþ«Ú u −10—
0.2 eV ��$Uþ«. α-Si3N4 ���Ý��) 4
�Ì¸ÚA�f¸. Xã 2(b) ¤«, ¸ A ´d Si-3s,
3p Ú N-2s ;��¤�, ¸ B ´d Si-3s, 3p Ú N-2p

197102-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 19 (2012) 197102

;��¤�. ¸ C ´d Si-3s, 3p Ú N-2p ;��>
f�z�. d�Ú���m��Y°Ý� 4.2 eV, L
« α-Si3N4 áu��N.  u��� D ¸´d Si-3s
Ú Si-3p ;��z�, N-2s Ú N-2p ��z��. ï
ÄL² α-Si3N4 ¥�zÆ�Ì�´ N �f� s, p
;�Ú Si �f� p ;��m�,z/¤�, �©
z [9,68] �(Ø�Ó. β-Si3N4 �$Uþ«���
Ý' α-Si3N4 �$Uþ«���Ýÿ°
 0.4 eV

(0 GPa) ½ 0.5 eV (30 GPa). Xã 2(c) ¤«, β-Si3N4

�d�� α-Si3N4 �d��'�$Uþ«�£Ä

, ��K�pU«£Ä. ��Ý�°ÝO��
¸�ü$ [9]. 3pØe αÚ β-Si3N4 � DOS Ú"
Øe� DOS �'¸�C�, °ÝCÄ. ù´Ï�Ø
rO�¦¬��)ÛÚ/C, �vkUC¬N�
�§kS [68].

ã 2 Si3N4 ¬N���Ý, J�Ú¢�©OL« 0 GPa Ú 30 GPa ����Ý (a) α, βÚ γ-Si3N4 ¬N�o��Ý;
(b) α�¥ØÓ�f�©Å��Ý (EF = 6.75462 eV, 0 GPa; EF = 8.01622 eV, 30 GPa); (c) β�¥ØÓ�f�©Å
��Ý (EF = 7.57469 eV, 0 GPa; EF = 8.60507 eV, 30 GPa); (d) γ�¥ØÓ�f�©Å��Ý (EF = 9.53266 eV,
0 GPa; EF = 10.77959 eV, 30 GPa)

γ-Si3N4 �¬�´d SiN6 l¡NÚ SiN4 o¡
N± 2 : 1 �'~�¤�. lã 2(a) Ú (d) ¥�±w
�, γ-Si3N4 ���ÝÚcü«Ó�É�N���

ÝØÓ. Si Ú N � PDOS �Ú α, β-Si3N4 ¥éA�
f� PDOS ØÓ, ù´Ï� γ-Si3N4 ¥ Si, N �f�
Ó �cü«¬�¥�A�f�Ó ØÓ. 3pØ
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e γ-Si3N4 ���Ý�'"Øe���Ý�Ä, ¸
��p, L²3pØe γ-Si3N4 �¬�NÈ~� (�
��~�). dã 2(d) ��, �$Uþ«� DOS Ì
�d N-s Ú Si-s, p ;��¤, �$Uþ«� DOS
Ì�d N-p Ú Si-s, p ;��¤. γ-Si3N4 d�Ú�
��m��Y� 3.9 eV, L² γ-Si3N4 áu��N.
�©�O�(J�u¢�� (4.30± 0.25 eV)[69], ù
´Ï� GGA �¼Ï~$���N��Y. � α

Ú β-Si3N4 � ', γ-Si3N4 � � Y � � � d � >
��Í�, ù
A��©z [19] ¥ DOS �A�

��. dúª γ =
π3

3
k2
Bn(EF) [17] �±��¬N

� > f ' 9 X ê γ, Ù ¥ kB ´ À � [ ù ~ ê,
n(EF) �L¤�U? EF ?���Ý. 3"Ø (p
Ø) e, α, βÚ γ-Si3N4 � n(EF) ©O� 0.72(0.86),
0.56(0.75) Ú 4.21(5.38), éA�>f'9Xê γ©
O´ 1.69(2.03), 1.32(1.77) Ú 9.93(12.69) mJ/mol. �
�5`, ¤�U??���ÝO��L¬N�½
5eü, Ïd Si3N4 Ó�É�N�½5üS� β-
Si3N4 > α-Si3N4 > γ-Si3N4.



 

↩

↩

G A H K G L M H

ã 3 α-Si3N4 ¬N3 P = 30 GPa ��U� (p�I�U
þ, ü  eV)

Xã 3 Úã 4 ¤«, β-Si3N4 �d��¹ 32 ^
U�, d� 1—8 �¤�$Uþ«��|, d� 9—
32 �¤�$Uþ«��|. �$Uþ«�d�°
Ý� 4.9 eV, �$Uþ«�d�°Ý� 10.4 eV.
α Ú β-Si3N4 Ñäk ΓV—ΓC .�m��Y, °Ý
©O� 4.9 eV Ú 4.4 eV. �©��� β-Si3N4 ��
Y°ÝÚd�°Ý�©z [9, 19] ¥�(J�Î.
β-Si3N4 �d�º u Γ—A �m, ��. u Γ

:, ù�c<�(JA����� [9,19], `²Ør
é β-Si3N4 U��K���. α-Si3N4 �d�º 
u Γ—M �m. Xã 5 ¤«, γ-Si3N4 ´���Y

��N (�Y� 3.9 eV), �±@��©��Y�Ú
©z [20] ¥�ê� (3.45 eV) ��, �u β-Si3N4 �
�Y. γ-Si3N4 �d���±©¤üÜ©: �$U
þ« (−20 eV—−14 eV) Ú�$Uþ« (−12 eV—
0 eV). �$Uþ«�U�´d Si-s, p Ú N-s ;��
z�, �$Uþ«�U�K´d N-p Ú Si-s, p ;�
�¤�. γ-Si3N4 áuá�¬X (Ø´8�¬X),
qÏ� γ-Si3N4 ¥?ul¡N �� Si �féU
��k�z, ¤± γ-Si3N4 �U�Ú β-Si3N4 ��
�ØÓ.



 

↩

G A H K G M L H

ã 4 β-Si3N4 ¬N3 P = 30 GPa ��U� (p�I�U
þ, ü  eV)





 

↩

↩

W L G X W K

ã 5 γ-Si3N4 ¬N3 P = 30 GPa ��U� (p�I�U
þ, ü  eV)

4 ( Ø

�©æ^�³²¡Å�{(Ü QHD �.ïÄ

 α, β Ú γ-Si3N4 �:
~ê!�5~êÚ�5
�þ, pØe���Ý!U�Ún«Ó�É�N�
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m��C5Æ. Ì�(ØXe:
1. ïÄuy β Ú γ-Si3N4 3 0—1800 K §Ý

��SÑU�±(�½. β-Si3N4 3~§eäk
òÐ5, ÙòÐ5�X§Ý�,p~�. 3p§
e β-Si3N4 =C�y5á�. β-Si3N4 �zÆ�±l
f��Ì. γ-Si3N4 ¬N´y5�. Tá���d�
�X§Ý�,pOr.

2. ïÄuy β Ú γ-Si3N4 �m��.�X
§Ý,pCq�5O�. �.�±L«¤ P =
7.67 + 6.3× 10−3T − 2.64451× 10−5T 2 + 6.7625×
10−8T 3+8.79977410−11T 4 (β→ γ) Ú P = 16.29−
1.835 × 10−2T + 9.33945 × 10−5T 2 − 2.16759 ×

10−7T 3 + 2.91795 × 10−10T 4 (α→ γ).
3. α-Si3N4 ¬N¥Ì�´ N-p ;�Ú Si-p ;

���p�^�r, Ó���X�f� N-s Ú Si-s,
p ;�,z. n«Ó�É�N�½5üS�:
β-Si3N4 > α-Si3N4 > γ-Si3N4. α Ú β-Si3N4 �d
�ºÚ��.Ñ u Γ :, m��Y©O� 4.9 eV
Ú 4.4 eV. α-Si3N4 �d�º u Γ—M �m, β-
Si3N4 �d�º u Γ—A �m. �©�ïÄ´�
þ'u Si3N4 ��N�nØïÄ��Ü©, ïÄ(
J�k�¢��y.

a� M. A. Blanco �Ç9Ù�K|Jø� Gibbs §S.
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First-principles study on the electronic structure and
phase transition of α-, β- and γ-Si3N4
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Abstract

The high-temperature lattice constants and elastic moduli of the silicon nitrides are calculated using the plane-wave pseudo-

potential method combined with the vibrational Debye-like model. β-Si3N4 is ductile at low temperature and brittle at high temperature.

γ-Si3N4 is found to be brittle and covalent in nature. We find a positive slope of the β → γ phase boundary, hence, at higher

temperatures it requires higher pressures to synthesize γ-Si3N4. The α → γ phase boundary may be expressed as P = 16.29 −
1.835 × 10−2T + 9.33945 × 10−5T 2 − 2.16759 × 10−7T 3 + 2.91795 × 10−10T 4. We also obtain the electronic structures and

energy bands of Si3N4 with and without pressure. The interaction between Si-s, p and N-s, p plays a dominant role in the stability of

α-Si3N4. The α- and β-Si3N4 have the ΓV-ΓC indirect band gaps (4.9 eV and 4.4 eV) while γ-Si3N4 has a direct band gap(3.9 eV).

The tops of the valence bands for α- and β-Si3N4 are along the Γ–M and Γ–A direction, respectively. Our results are consistent with

the experimental data and the theoretical results.
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