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�©¦^1�5�n� GGA/RPBE�{ïÄ
 Cr2MC(M=Al, Ga) �>f(�!�5Ú9åÆ5�. ïÄu

yü�zÜÔ�NÈØ 5A��Ó, ¿�y¢
3 0—50 GPa��Sc¶©ª�a¶�J±Ø ¿�(�©ª´

½�. ÏLéS�I�ïÄuy
 Cr2AlC ¥ Cr lf�S�I©ª�u Cr2GaC¥ Cr lf�S�I. ¦^O��~

�.���N��þ3 0 GPae�X§Ý�,p~�, 3 300 GPaeK�X§Ý�,pO�. é�~§Ý�

ïÄuy Cr2GaC���u Cr2AlC ��, é9)äXê!Grüneisenëê!�Ú9N�O�uy Cr2GaC���

u Cr2AlC ��. é>f(��©Ûuy Cr2GaC�sÚp>f3¤�U??���u Cr2AlC �s Úp>f��, Ù

¦lf�>f©ÙA���.

'�c: 1�5�n, >f(�, �5, 9åÆ5�

PACS: 63.20.dk, 62.20.D−, 65.40.−b

1 Ú ó

n��G>bá� (Mn+1AXn, MAX) gl

þV 60c�uy±5 [1] ÒÏäkÕA�åÆ!

9ÆÚ>Æ5UÅì�Úå
<��'5, ùa

zÜÔ�zÆªÏ~��� Mn+1AXn, ùpn�

� 1—3,Ù¥ M �LÞx7á��, A Ì�� IIIA

½ IVA x��, X �C ½ N �f, {��MAX. î

8®uyk 60 õ«zÜÔPk MAX (� [2], Ó

áuP63/mmc��m+. C
c, �XéTX�zÜ

Ô�Ü¤EâÚ�{�ØäU? [3], MAX zÜÔ

®Åì�¤�
ïÄ�9:. TX�zÜÔ®Ð«

Ñ7á��`û�9>5U!ûÐ��5!��

�MÝ!|9�§ÝpÚ$�Ý¶Ó�qä�>

b�F�z!F@¡!��.�rÝ!pL:±

9ûÐ�9½5, Ï®3¯õ+�¥Ð«Ñ


ã��A^cµÚuÐdå.

Cr2AlC ´ C A c ï Ä � 9 : Ô �,

Schneider[4], Walter[5] Ú Li [6] �k�¦^^�í�

�{Ü¤
 Cr2AlC ��. ,	, Cr2AlC ®"®ÏL

�( [7] ÚLí [8] ��{¤õÜ¤. Schuster� [9]

¦^>lLõEâÜ¤�� Cr2AlC ®", �´T

�Eâ�J�5�í2. CÏ, éõó� [10−19]

Ü¤
 Cr2AlC, �´Ü¤�XÝØp, Ï~�¹

X Cr7C3, Cr2Al [11,14−16,18] �Ô�. Tian � [20] ¢

�ÿþ
 Cr2AlC �Ø C/1�, uy
 Cr2AlC

�y5ÚòÐ5�=C§Ý�� 700—800◦C. Het-

tinger � [21] ¢�ÿþ
 Cr2AlC �9>Ú�55

�. Ying � [22] ¢�ïÄ
 Cr7C3 ,�é Cr2AlC

�åÆ5�Ú9>5��K�. Zhou� [23] ¢�ÿ
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þ
 Cr2AlC �9Æëê�§Ý�Czª³. Ma-

noun� [24] ¢�ÿþ
 Cr2AlC �Ø 1�. Ying

� [17] ¢�Ü¤Úÿþ
pX Cr2AlC �åÆ5

�. Tian � [11] Ü¤Úÿþ
 Cr2AlC �9>5

�. Xiao � [25] Ü¤¿ïÄ
 Cr2AlC �9½5.

Lin � [13] ¦^� 9Ø���AÜ¤
 Cr2AlC.

Cr2GaCduÚ Cr2AlC äk�C���|¤�Å

ì��
<��À, Sun� [19] ¦^óÀ�>�

(EâÜ¤
 Cr2GaC®". Etzkorn� [26] ¦^7

áLNEâÜ¤
 Cr2GaC�A�¹ Ga���z

ÜÔ. Manoun� [27] ¢�ÿþ
 Cr2GaC�¬N(

�!Ô��§ÚN��þ, ¿�A�¹ Ga���

zÜÔ�
'�.

nØþ, Manoun� [24] O�
 Cr2AlC �Ø 

1�, uya¶�c¶�´Ø . Cover� [28] O�


 Cr2AlC 3~Øe�åÆ5�, �)�5~ê�.

Schneider� [4] O�
 Cr2AlC �>f��ÝÚ(

ÜU, duO��{���°Ý¤�Ú Cr2AlC ^

^!c^Ú�c^�mé��Uþ�É, Ïd¿Ø

U°((½�c^Ú^^(��Uþ. Jia � [29]

O�
 Cr2AlC �>f��ÝÚU�(�±90

>~ê�Ônëê. Sun� [30] O�
 Cr2AlC �

�55�. Manoun� [24] ïÄ
 Cr2AlC �NÈÚ

¶�Ø 5. Music � [31] ¦^ü�#Î���Ý

KM\²¡Å³U¼êÚ�>f³U¼ê�{O

�
 Cr2AlC �>f��Ý. Schneider� [32] ¦^

lÞ�ïÄ
 Cr2AlC ����55�. Sun� [33]

nØïÄ
 Cr2AlC }�AC�>f(�. Mu-

sic � [34] ïÄ
 Cr2AlC �>f(�Ú}��þ.

Leaffer� [35] nØïÄ
 Cr2AlC �.ùÑ�1Ì.

Sun[36] é MAX �zÜÔ�
���~�[�o

(ÚÐ". Dahlqvist� [37] nØïÄ
 Cr2AlC 3

~Øe�½5. Sun� [19] ��
¦^óÀ�>

�ÈÜ¤ Cr2AlC Ú Cr2GaC� MAX �zÜÔ�

ïÄ?Ð. Emmerlich� [38] XÚ�ïÄ
 Cr2AlC

� 9 � MAX �zÜÔ�¶�Ø 5.

�, Cr2AlC Ú Cr2GaCäk`û�9>5U

¿�3¯õ+�¥äk���A^då, �´éÙ

p§pØe�9åÆ5�Ú�55��ïÄ�8

�����, ¿�®���©z¥��3X���

©Ü [24,39]. Äud, �©æ^1�5�n�{ïÄ


 Cr2AlC Ú Cr2GaC�¶�Ø 5!>f(�!

9åÆ5�Ú�55��. Äg��
 Cr2AlC

Ú Cr2GaC�9)äXê!�~§Ý!Grüneisen

ëê!¬��Ä�Ú9N�9åÆÔnþ�	

.ØåÚ§ÝCz�'X. Ó�,·��ÄgïÄ


 Cr2AlC Ú Cr2GaC�ý9!�§N��þÚ

pØe��55�. ,	, ·��O�
 Cr2AlC

Ú Cr2GaC�>f��ÝÚU�(�. 1�5�n

�{´°(Ú���nØ�{, ¦^T�{®��

�X���¤J [40−52], AO´¦^T�{uy


7á?3 200��íØeò=C� “ß²” �°

�Yý�N [49], ù�uyé²;pØnØJÑ


]Ô,�pØnØ�?�ÚuÐ�5
êÅ [53,54].

2 O��{

�©3O�¥æ^
²¡Å�³�Ý�¼

nØ�{. >fm���'é�^ÀJ
2Â

FÝCq [55,56](GGA-RPBE),lf¢Úd>f�

m��p�^æ^
 Vanderbilt�^�³ [57]. ¤

¦^�lf�>f|�� C 2s22p2, Al 3s23p1, Cr

3s23p6 3d54s1, Ga 3d104s24p1, éÙp�«?1È

©æ^ Monkhorst-Pack�{ [58], éÙp�«?1

æ�¤À^�k:� 10×10×2. �
�Ø pulay-

stress�K�, O�¥æ^k�Ä|��, ²¡Å

Ä¼ê��äUþ� 350 eV.3AÛ`z¥, æ

^ � ´ BFGS � {, � z � � f � U þ C z �

u 5.0×10−6 eV, ��AåCz�u 0.02 GPa,�

� £Cz�u 5.0×10−4 Å�@�gU��Âñ.

�ÜO�ó�¦^ CASTEP^��¤ [59,60].

3 (J�?Ø

3.1 ÔÔÔ������§§§ÚÚÚ¶¶¶���ØØØ   555

Cr2AlC Ú Cr2GaC��m(��Ó, ¤á��

m+þ�P63/mmc (194),z�ü�¥k 8 ��f,

Cr �f u (1/3, 2/3,u), Al Ú Ga �f u (1/3,

2/3, 3/4),%�f u (0, 0, 0). Ïd¬N�½(

�d¬�ëêaÚc±9S�Iëêu(½. �©O

����(J�¢�ÿþÚÙ¦nØ(JÎÜ�

Ð, �L 1. �©O����NÈØ 5!¶�Ø

 5ÚS�I�£Ä�uã 1, lã 1(a)¥�±w

Ñ�c�NÈØ 5�¢�ÿþ� Cr2AlC[24,39,61]
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Ú Cr2GaC[27,39] ��ÎÜ�Ð, ,	, lã¥��

±wÑO���� Cr2AlC Ú Cr2GaC�Ø 5A

��Ó. ã 1(b) ¥�NÑ Cr2AlC Ú Cr2GaCäk

�Ó�Cz5Æ, =c¶þ'a¶�J±Ø , ù�

(Ø�©z [24,39]é Cr2AlC �����, �%�

©z [27,39] é Cr2GaC�����. '�©Ûu

y Cr2AlC �¶�Ø 5�É' Cr2GaC���é

õ. ,	,·��ïÄuy Cr2AlC Ú Cr2GaC¥ Cr

lf�S�Iþ�ØåØäO�, ¿� Cr2AlC

¥ Cr lf�S�I©ª�u Cr2GaC¥ Cr lf�

L 1 Cr2AlC Ú Cr2GaC�¬�ëê (Å), Ñt' σ, N��þB (GPa)9Ù���ê B′ (GGA/PAW �L Generalized

Gradient Approximation/Projector)

Cr2AlC Exp. PAW RPBE

a 2.86[70], 2.857[70], 2.863[11], 2.848[62], 2.849[38], 2.8519

2.857[24,39,61] , 2.854[9], 2.858[23], 2.842[35], 2.85[4], 2.84[4],

2.8605[17], 2.8571[68], 2.86.[32] 2.87[4]

c 12.82[70], 12.844[70], 12.814[11], 12.72[62], 12.849[38], 12.7729

12.81[24,39,61] , 12.82[9], 12.808[23], 12.69[35], 12.82[29],

12.8266[17], 12.8208[68], 12.87[32] 12.72[4], 12.68[4],

12.82[4]

B 165[39], 165±2[24,61] , 298/650◦C[32], 193[68], 235[31], 252[71], 181.35

248/0◦C[32], 212/1200◦C[32] 193[72], 226[30], 221[38],

225[4], 230[4], 227[4]

B′ 4.1±0.1[24,61], 165[68] 4.31

σ 0.153[11], 0.2[21], 0.236[32] 0.236[30], 0.192[29] 0.19

Cr2GaC Exp. PAW RPBE

a 2.858[13], 2.884[27], 2.891[27], 2.86[70], 2.88[73] 2.8859

2.866[9], 2.844[4], 2.9008[26], 2.893[26],

2.886[39]

c 12.818[13],12.62[27], 12.63[27], 12.61[73] 12.6161

12.82[70], 12.825[9], 12.857[4],

12.632[26], 12.665[26], 12.645[39]

B 188±5[27], 188[39] 248[71] 171.96

B′ (3.6±0.3)[27] 4.90

σ 0.24

Augmented Wave.nØO�þ¦^� GGA �{

S�I, `²3Øå��^e Cr2AlC Ú Cr2GaC

�c¶¥yÑ
���Cz5Æ. �â���Ø

å - NÈ�[Ü�n� Birch-Murnaghan (P =

(3/2)B[(V/V0)
−7/3 − (V/V0)

−5/3]{1 − (3/4)(4 −

B′)[(V/V0)
−2/3 − 1]}) G��§ ([Ü°Ý R2 >

0.9999), ��� Cr2AlC �N��þ9Ù���

ê©O´ 181.35 GPaÚ 4.35, �� Cr2GaC ��

A � � © O ´ 171.16 GPaÚ 4.91, � n Ø � �

�'��C¢�ÿþ, �L 1. �©O����

"§"Øe Cr2GaC�S�I� 0.08376,�¢�

ÿþ� 0.08527[26] ���; O����"§"Ø

e Cr2AlC ¥ Cr lf�S�I� 0.08432,�nØ

�� 0.086[29], 0.0846[38], 0.0847[62] ���. �â�

����NÈ, ·�O���
 Cr2GaC��Ý

� 6.78 g/cm3, �nØ��� [26] 6.7 g/cm3 ���.

·�O���� Cr2AlC ��Ý� 5.28 g/cm3, �n

Ø��(J 5.22901[29], 5.24[30], 5.229[11] Ú 5.2[23]

���, ��¢�ÿþ� 5.14[20], 5.1[15], 5.17[22],

5.24[21], 5.21[11], 5.17[17] Ú 5.29[17] �ÎÜ. âdÒ

�y
�©O��9�5��°(5Ú��5.

Cc5én��G>bzÜÔ�¶�Ø 5

�ïÄ®²¤�
ïÄ�9:, ÏLé¬N¶�Ø
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 5�ïÄkÏu��\�
)¶��fm¤�

Cz. 3�õê�¹ec¶'a¶�´Ø , �©¦

^1�5�n���(JL² Cr2AlC Ú Cr2GaC

�a¶þ'c¶�´Ø , ¿�ü�zÜÔ�NÈØ

 5A��Ó. du Al Ú GaáuÓx��Ïd�

±íä Cr2AlC Ú Cr2GaCA�äk�C�NÈØ

 5Ú�Ó�¶�Ø 5. �
°(£ã Cr2AlC

Ú Cr2GaC�¶�Ø 5ÚS�I£Ä,·�én

ØO��(J?1
[Ü (R2 > 0.9999, R ´'é

Xê):

Cr2GaC

u =0.08375 + 2.23687× 10−4P

− 3.32788× 10−6P 2 + 2.04382× 10−8P 3

+ 6.15385× 10−11P 4,

a/a0 =1.0 − 0.00212P + 2.58246× 10−5P 2

− 2.42898× 10−7P 3 + 8.98186× 10−10P 4,

c/c0 =0.99996− 0.00154P + 2.36805× 10−5P 2

− 3.58245× 10−7P 3 + 2.51279× 10−9P 4;

0.80

0.85
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 Exp.(3)

 Exp.(4)

 Exp.(1)

 Exp.(2)

(a)

(b)

 Cr2GaC
 Cr2AlC

a
⊳
a

0
֒ 
c
⊳
c
0 a⊳a0

c⊳c0

a⊳a0

c⊳c0

V
⊳
V

0

(c)

U
 

压力/GPa

0 10 20 30 40 50

ã 1 Cr2GaCÚ Cr2AlC �NÈØ 5, ¶�Ø 5ÚS�I£

Ä, nØ(J�¢�ÿþ�ÎÜ Exp. (1)[24], Exp. (2)[61], Exp.

(3)[39] Ú Exp. (4)[27]

Cr2AlC

u =0.08433 + 1.8973× 10−4P

− 2.28786× 10−6P 2 + 1.72028× 10−8P 3

− 2.70396× 10−11P 4,

a/a0 =0.99999− 0.00187P + 2.02981× 10−5P 2

− 2.17541× 10−7P 3 + 1.18843× 10−9P 4,

c/c0 =1 − 0.00174P + 2.12111× 10−5P 2

− 2.10668× 10−7P 3 + 9.25257× 10−10P 4.

Ù¥ a0 Ú c0 ´"§"Øe�¬�ëê.

3.2 ���555555���

�55���Ná��NõÄ�5����

', �5~ê�±^5�ä¬N(��½5±9

^5O��Ná��Ù¦åÆ5�. ·�O���

��5~ê�uL 2 Úã 2(O�L§¥¤À^�

ACÚ�� 0.003,z�ACÌ� 6 Ú), �©�O�

(J�©z���ÎÜ�Ð. �â�5½5�ä

IO [63],

C12 > 0, C33 > 0,

(C11 − C12)/2 > 0, C44 > 0,

(C11 + C12)C33 − 2C2
13 > 0, (1)

�±�Ñ Cr2AlC Ú Cr2GaC3 0—50 GPa���

S(�þ´½�.
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弹
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模
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G
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ã 2 Cr2GaCÚ Cr2AlC ��5�þ�XØå�Cz'X

lã 2 ¥�±wÑ Cr2AlC Ú Cr2GaC�Ê�

�5~êþ�XØå�O�O�, C11 Ú C33 3

"Øeê�'��C, �XØå�ØäO�, C11

Ú C33 �ê�E,'��C¿�LyÑ
���

ÅÄ. ,	n��5~ê C12, C13 Ú C44 �XØ

å�ØäO�¥yÑØäO��ª³, 3"§"

Øe, Cr2AlC Ú Cr2GaC��5~ê����^S

� C44 > C13 > C12, �XØå�ØäO�, C13

Ñy
�u C44 ��¹. ,	, C11 Ú C33 �Cz
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�U�L¬�p��Cz,  C44 �U�Lî�C

z, dd��±�Ñc¶�J±Ø �(Ø. �cO

��NÈ�5�þB!}��þG Ú¼�þE(O

��{�©z [47] �����) þ�XØå�O�

O�, ÙCz^S� E > B > G. ,	, �©O

��� Cr2AlC �N��þ� 171 GPa,�¢�ÿþ

���(JÎÜ�Ð, `u®���nØO�(J,

��L 2. �â Pugh[64] Ú\��äá�y5Úò

Ð5��{ (=� B/G < 1.75 �Ly�y5, ÄK

Ly�òÐ5) �� Cr2AlC Ú Cr2GaC�B/G�©

O� 1.23Ú 1.56,þLyÑØÓ§Ý�y5.

3.3 999åååÆÆÆ555���

¦ ^ O � � ~ � . [65], ·� � [ O �


 Cr2MC(M=Al, Ga) �9åÆ5�, O�L§�

©z [44]. �§N��þBÚý9N��þ BS ´

�Ná�¥~^�Ônþ, §�±�Ná��r

Ý�&E. ·�O����(J�uã 3 Úã 4.

lã 3 ¥�±wÑ Cr2MC(M=Al, Ga) ��§N

��þBÚý9N��þ BS þ�XØå�,p

O�. lã 4 ¥�±wÑ Cr2MC(M=Al, Ga) �

�§N��þ B Úý9N��þ BS 3 0 GPa

eþ�X§Ý�,p~�, 3 300 GPaeK

�X§Ý�,pO�. lã 4(a) ¥?�Ú�w

Ñ3 0 GPae Cr2AlC ��§N��þBÚý9

N��þBS þ�u Cr2GaC�BÚBS('X3"Ø

Ú"§e, Cr2GaC��5�þB� 175.17 GPa,

3"ØÚ 3000 K e, Ù�� 85.23 GPa,�A

� Cr2AlC ��©O� 181.75 GPaÚ 119.69 GPa,

þ � u c ö),  3 ã 4(b) K Ñ y 
 � ã 4(a)

¥fÐ����/ (�Øå,p� 300 GPa�,

Cr2GaC � � 5 � þB3 "§Ú 3000 K e © O

� 1211.11 GPaÚ 1337.32 GPa,�A� Cr2AlC

��©O� 1132.16 GPaÚ 1175.58 GPa,þ�u

cö). ,	, lã 4(a) ¥�±wÑ3 0 GPa�$

§e Cr2AlC(±9 Cr2GaC)��§N��þBÚý

9N��þBS �m��Éé�, �´�X§Ý�

,pB�BS �m��ÉÅìC� ('X3 0 GPa

Ú 273 K e, Cr2AlC �BÚBS ©O� 179.76 GPa

Ú 181.13 GPa,3 0 GPaÚ 3000 K e�A�

�©O� 119.69 GPaÚ 147.95 GPa).ã 4(a) ?

�Ú�«
 Cr2AlC � Cr2GaC�m�§N��

þB(±9ý9N��þBS) 3$§e�É��, 3

p§e�É�� ('X3 0 GPaÚ 0 K e, Cr2AlC

� Cr2GaC�B©O� 181.75 GPaÚ 175.17 GPa,

3 0 GPaÚ 3000 KeéA��©O� 119.69 GPa

Ú 85.23 GPa). 3ã 4(b) ¥ 300 GPa��^e,

Cr2MC(M=Al, Ga) � �§N � � þBÚ ý 9 N

��þBS �m��É�X§Ý�,p�ú�O

� ('X3 300 GPaÚ 273 K e, Cr2GaC�BÚBS

© O� 1214.44 GPaÚ 1214.86 GPa, �§Ý

,p� 3000 K ��A��©O� 1337.32 GPa

Ú 1353.43 GPa).,	, lã 4(b) ¥��±wÑ

$§e Cr2MC(M=Al, Ga) ü�zÜÔ�mN��

þ (�)BÚBS) ��å��uã 4(a) ¥$§e�

�å. o�, lã 3 Úã 4 ¥�±uy3p§eN

��þ�Cz�²w�u3$§e�Cz, ¿�3

pØeN��þ�X§Ý�Czª³�$Øe�

X§Ý�Czª³fÐ��.

L 2 ¦^ GGA/RPBE�{��� Cr2GaCÚ Cr2AlC ��5�þ (GPa).nØO�þ¦^� GGA �{. BÚGÏL Voigt-Reuss-HillCq��.

C11 C33 C44 C12 C13 B G E

Cr2GaC 312 315 120 79 120 175 112 277

PAW[28] 312 325 128 81 139 185 114 283

Cr2AlC 347 362 140 56 93 171 139 328

PAW([72] 384 382 147 79 107 193 148

PAW[28] 365 369 140 84 102 186 138

PAW[30] 396 382 173 117 156 226[30,62] 145 358

PW91[29] 344 332 153 67 95 170 132 315

PAW[67] 203

Exp. 139[67] 138[21] 165[68] 116[15] 105[21,68] 288[11] 245[21]

046301-5
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�N��~§Ý�ÔN�Nõ5����

', 'X'9ÚL:��. ·�¦^O��~�

.����~§Ý�X§ÝÚØåCz�'X

�uã 5. lã 5(a) ¥�±wÑ Cr2AlC ��~

§Ý3?Û�¹eÑ©ª�u Cr2GaC ��, 

�üöÑÐ«Ñ
�Ó�Cz5Æ, =�XØ

å�O�×�O�, �X§Ý�O��ú�

~�. ã 5(b) �«
�~§Ý3�½�Øåe

�X	.§Ý�Czª³, Cr2AlC Ú Cr2GaC�

�~§Ý3 0 GPae�X§Ý�O�Åì~

�, 3pØe�X§Ý�O�~��ª³C�, ¿

� Cr2AlC Ú Cr2GaC��É�ÅìC�. ·�O

����"§"Øe��~§Ý©O´ Cr2GaC

� 662.1 K Ú Cr2AlC � 849.82 K, � n Ø O �

� Cr2AlC � 644 K[21], 735 K[29] Ú 774 K[30] ��

�, ��¢�ÿþ� 589 K[21], 732 K[66] Ú 673 K[67]

���.
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9)äXê�±�Ná��9)äá5. ·

�O��9)äXê�uã 6. lã¥�±w

Ñ Cr2GaC�9)äXê©ª�u Cr2AlC ��. l

ã 6(a) ¥�±wÑ, 9)äXê3ð§e�XØ

å�O�~�, ¿�3$Øe (� 50 GPa±S)

Cz�¯, 3pØeªCu��~ê. lã 6(b) ¥

�±wÑ, 3ðØe9)äXê�X§Ý�,p

O�, ¿�3$§e (� 500 K ±e) Cz�Ì

Ý���u3p§e�ÌÝ, 3pØe9)ä

XêA�Ø2�X§Ý�CzCz. ,	, �

XØå�ØäO�, 9)äXê3pØe�ªC

u��~ê, L²r��Øå®¦�NÔ�/¤


�~���(�,§Ý�A®²Ø2²w
. l

ã 6 ¥·�ØJuy, 9)äXê3$§Ú$Ø

eCz��¯a. 3pØe (X 300 GPa)Cr2AlC

Ú Cr2GaC�9)äXêA����Ó. dd�

± � Ñ Ø å é 9 ) ä X ê � K � � � u§Ý

é9)äXê�K�. �cO���� Cr2AlC

� 9 ) ä X ê 3 273, 300, 1000 K� � � © O

� (1.35, 1.4, 2.17)×10−5 K−1, �nØ���¿§

� [22]0.97×10−5 K−1 Ú 1000 K� 1.33×10−5 K−1

�ÎÜ, ��¢�ÿþ [22] � 1.25×10−5 K ���.
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·�O���� Grüneisenëê�XØå�O

�~�, �X§Ý�,pO�, �ã 7. lã¥

�±wÑ Cr2GaC�(J©ª�u Cr2AlC �(J,
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¿�3$ØÚp§e�Cz��²w. lã 7(a)

¥�±wÑ, ü�zÜÔ� Grüneisenëê3ØÓ

�ð§e�ØåCz��É¿Ø²w, lã 7(b)

¥��±wÑ3pØeü�zÜÔ� Grüneisen

ëê�É~�¿�A�Ø2�X§Ý�,pO

�, ´��~þ. ·�O����"§"Øe

� Grüneisenëê´ 2.056,�nØ�� [68] � 1.99

��.

0     100    200   300

0

1

2

3

4

5

0    1000  2000  3000

0

1

2

3

4

5
Cr2AlC

 100K 

 273K

 1800K

 3000K

Cr2GaC

α
/
1
0

-
5
 K

-
1

(a)

180GPa 

300GPa 

0G
Pa 

30GPa 

60GPa 

(b)

压力/GPa 温度/K

ã 6 Cr2GaCÚ Cr2AlC �9)äXê�XØåÚ§Ý�

Cz'X

0     100   200   300

1.2

1.6

2.0γ

2.4

2.8

0   1000   2000  3000

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8Cr2GaC

 0K 

 600K

 3000K

Cr2AlC

 0K 

 600K 

 3000K

(a)

(b)

0GPa

60GPa

300GPa

压力/GPa 温度/K

ã 7 Cr2GaCÚ Cr2AlC � Grüneisenëê�XØåÚ§Ý�

Cz'X

�´9åÆ¥���~��Ônþ, d�

�Cz�±�äÔNÉ9�Ä�Cz�¹. ·�

O������uã 8. lã 8 ¥�±wÑ��

XØå�O�~�, �X§Ý�,pO�. ¿

� Cr2GaC��©ª�u Cr2AlC �(J. lã 8(a)

¥�±wÑ, �§Ý�±ØC�, �3$Øe�C

z��u3pØe�Cz, lã 8(b) ¥�±wÑ,

��X§ÝCz�~²w. ,	lã 8 ¥��±w

Ñ3p§ÚpØe��Czª³�±ØC.

ã 9 ´O����9N�X§ÝÚØå�C

z'X. ã 9(a) Ú (b) ´�§Ý�±ØC (100 K,

273 K, 600 K, 1800 K, 3000 K)� Cr2GaCÚ Cr2AlC

�9N CV Ú CP �XØåCz�'X. o�5

`, �§Ý�±ØC� CV Ú CP �XØå�O�

~�, ¿� Cr2GaC�9N©ª�u Cr2AlC �

9N, �´3p§eüö�m��É~�. ã 9(c)

Ú (d) ´ Cr2GaCÚ Cr2AlC �9N CV Ú CP 3

ð Ø e �§Ý C z  �. ã 9(c) � N � ´ CV

3ØÓØå (0 GPa, 60 GPa, 300 GPa)e�§Ý

C z  �, ·� u y CV 3 p§e ª C u � �

~ê�, = Dulong-Petit4�, �´3pØe��

T4��§Ý,p. ã 9(d) � CP 3 0 GPa�

¿ØªCu��~ê�, 3pØeE,ªC

u��~ê� (� 100 J/mol−1K−1), �ã 9(c) �

( Ø � �. � c O � � � � Cr2AlC � 9 N CP

3 273 K���� 64.91 J/(mol·K), 3 600 K���

� 92.94 J/mol·K, 1500 K���� 106.1 J/mol·K, �

nØ�� [22] � 200◦C Ú 1200◦C � 96.07 J/mol·K

Ú 133.69 J/mol·K ���, �� 25◦C �¢�ÿþ

� 89.27 J/mol·K[23] Ú 84.41 J/mol·K [11] � � �,

�cO�� 900 K ��9N�� 99.64 J/mol·K,

' 600◦C ��¢�ÿþ [23]123.86 J/mol·K �$.
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ã 11 Cr2GaCÚ Cr2AlC �>f��Ý

3.4 >>>fff������ÝÝÝÚÚÚUUU���(((���

·�O����>fU�ã�uã 10, l¥

�±wÑ Cr2GaCÚ Cr2AlC �U�©Ùé�q,

¤ØÓ�´ Cr2GaC3� −15 eV ?Ñy
��

U�, ¿�3� −4 eV ? H Ú K :?�U?©

Ù��²w, 3Ó� �?� Cr2AlC �U?

K pU?��u)
��£Ä, ù`²>f�

U?©ÙÑkØÓ. Ïd·��[O�
 Cr2GaC

Ú Cr2AlC �>f��Ý, �ã 11. lã 11 ¥�

±wÑ Cr2GaCÚ Cr2AlC � C Ú Cr �f�>f

©Å��Ýé�q, ��ØÓ�Ò´ Al Ú Ga

�©Å��Ý©Ù, Ga�sÚp>f©Ù��ér

Ýþ�u Al �sÚp>f©Ù. ,	, Ga�d>f©

Ù3� −15 eV NC, �U�ã¥�U?©Ù 

���. d	, Ga �s>f�éu Al �s>f $

U?���N£Ä
� 0.75 eV,¿� Ga �s>f

��érÝØ
3 −3—−4 eV �m�u Al �s>

f±	, 3Ù{/�þ�u Al �s>f��ér

Ý. ,	, 3 −12—−16 eV mE,k Ga �s>f

©Ù,  Al �s>fK�~�, Ïd Ga �s>f¥

yÑ
���lÑ5ÚrÝ�. Al �s>f3¤�

U??�rÝ��Cu 0,  Ga �s>f��é

rÝ�%�� 0.08,��ucö��. Al �p>f

3 −0.8—0.8 eVm���²�, ��� 0.1,  Ga

�p>f��érÝ� 0.15,��ucö. T(Ø

�ÏLá��Ñt'��u�. éu�dá�, Ñ

t'�� 0.1, élf5á�Ù��� 0.25(½

ö G = 0.6B)[69]. ·�O���� Cr2GaC�Ñt

'�� 0.24, Cr2AlC ���� 0.19,L²cölf

5ru�ö�lf5, T(Ø�� G = 0.64B �(

Ø���. 3¤�U?±þ���, Al Ú Ga� p >

f�©ÙA���q. 3¤�U?±e�d�,

üöÑy
����O, 'X3 −1—−3.5 eV �

m�¸¥ Ga�p>f�rÝwÍ��u Al �p>

f�rÝ. 3 −3.5—−10 eV �U���S, Al

�p>f�rÝÑ��u Ga �p>f�rÝ, Ga

�p>f�U�°Ý��u Al �p>f�U�°Ý,
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Ð°����� 1.0 eV.?�Ú�'��±uy Al

�sÚp>f3 −3—−4 eV �m�©ÙrÝ�uÓ

 �?� Ga�sÚp>f, L² Al �>fm�,z

ru Ga�>fm�,z, ù��/�� Al �U�

(�¥ H, K :3 −3—−4 eV �mÑy
���

�²w�£Ä�¯¢��. éüöo���Ý�'

��±uy Cr2GaCØ
3� −5 eV ?rÝ��

Ú� −15 eV Ñy
d>f�©Ù±	, 3Ù¦U?

?� Cr2AlC �©Ù�Éé�. o�, du Cr2GaC

Ú Cr2AlC (�þ��q, ��Ù>f�©Ù��

��q, Ïd	3�÷*5��A���q.

4 ( Ø

�©æ^�Ý�¼nØ²¡Å�³2ÂFÝ

Cq�1�5�n�{ïÄ
 Cr2GaCÚ Cr2AlC

�Ø 5�!9�åÆ5�Ú>Æ5�. O�¤

���¬�~ê!N��þ9ÙéØå����

êÚ¢�ÿþ±9Ù¦nØO�(J���. é

¶�Ø 5�O�L² Cr2GaCÚ Cr2AlC äk�

Ó�¶�Ø 5, =a¶þ'c¶�´Ø . é Cr l

fS�I�ïÄuy Cr2AlC ¥ Cr lf�S�I

©ª�u Cr2GaC¥ Cr lf�S�I. �c�ï

Ä�uy
 Cr2GaCÚ Cr2AlC �NÈØ 5A�

���Ó. ,	¦^O��~�.y¢
N��

þBÚ BS 3 0 GPae�X§Ý�O�~�, 

3 300 GPae�X§Ý�O�O�. é�~§Ý

�ïÄuy Cr2GaC���u Cr2AlC ��, é

9)äXê!Grüneisenëê!�Ú9N�ïÄu

y Cr2GaC���u Cr2AlC ��. é>f(��

©Ûuy Cr2GaC�sÚp>f3¤�U??���

u Cr2AlC �sÚp>f��. Ù¦>f�©ÙA

���.
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Abstract

We investigate the electronic, elastic and thermodynamic properties of nanolaminate Cr2MC(M=Al, Ga) by using theab initio

pseudopotential total energy method. Our results show thatthey have shown almost identical volume compressibilities. The axial com-

pressibility investigations show that thec axis is always stiffer thana axis. The internal coordinate calculations revealed that the values

of Cr atoms in Cr2AlC are always larger than those in Cr2GaC. The elastic constants calculations demonstrated the structural stabil-

ity within 0—50 GPa. The obtained bulk moduli by quasi-harmonic Debye model observed that the bulk moduli of Cr2MC(M=Al,

Ga)decrease with temperature at 0 GPa, but increase at 300 GPa. We also found that the Debye temperatures of Cr2GaC are always

smaller than those of Cr2AlC at any conditions. However, the opposite cases can be found in thermal expansion coefficients, Grüneisen

parameter, entropy and heat capacity when comparing their respective counterparts between Cr2GaC and Cr2AlC. The electronic

density of states and energy band distribution demonstrated that the Cr2MC(M=Al, Ga) have shown similar profiles with the only

exception of the more localized s and p electrons in Cr2GaC than their respective counterparts in Cr2AlC.
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