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. 1. ,  Mn+1AXn (n = 1, 2,  

     3, …),  — d- ;  — p-  (Si, Ge, Al, S, Sn .); X — 

, ,

 [ 11—13 ]. , -

 ( ) [ 14, 15 ]  Ti4SiC3  Ti4GeC3,

 [ 13 ]. ,  60 -

 [ 13 ], d- p-  ( . 1). 
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, , , , , -
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 [ 13 ].  

,

, -

ab initio . ,  [ 18 ] 

 Ti4SiC3
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 Ti3SiC2 -

ab initio  [ 24—29 ]  90- -

.

 Ti3SiC2, -

 ( , , -

)

, ab initio

, , , -

, .

-

Ti3SiC2, . ,

ab initio  FLAPW, VASP  CASTEP,  [ 30—34 ]. 

,  Ti3SiC2

 Ti3SiC2  ( -

P63/mmc, Z = 2),  [TiC] 

 …Si/[TiC]/Si/[TiC]/Si… ( . 2). ,  [TiC] 

 Ti6C , -

 Si,  Ti3SiC2  [ 6, 10, 11—13 ] 

 ( z)  Si—Ti2—C—Ti1—C—Ti2.  Ti3SiC2



. . , . . , . .808

. 2.  Tin+1SiCn (n = 1, 2, 3  4) [ 35 ]. 
-Ti3SiC2 ,

                                                                                   (Ti1  Ti2, . )

 Ti (  Ti1  Ti2), -

 2a  4f  ( . 1).  Ti1 -

,  Ti2 

, .  Ti3SiC2 -

zTi zC.  Ti3SiC2

a = 3,068 c = 17,669 Å, zTi = 0,135 zC = 0,567 [ 11—13 ]. 

-  Ti3SiC2 . 2. 

 Ti3SiC2 -

.

[ 36—41 ] -

 ( . 3). -

 1  

-Ti3SiC2

( . . P63/mmc)

x y z 

Ti1 2a 0 0 0 

Ti2 4f 1/3 3/2 zTi

Si 2b 0 0 1/4 

C 4f 1/3 2/3 zC

 2

- Ti3SiC2 [ 11 ] 

TiC [ 43 ]

 Ti3SiC2 TiC 

, / 3 4,4—4,5 4,91 

,  185—206 240—390

G,  139—142 186 

Y,  333—339 410—510

 0,20 0,191 

,  4,0 28—35 

, K 670 614 

, / K   37   21 

, K –1
9,2 10–6 7,4 10–6

, /( K) 110 33,8 
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 3  

(a  c, Å), (zTi, zC)

(B, ) Ti3SiC2

a c c/a zTi zC B a c c/a zTi zC B 

3,0563 17,6604 5,78 0,1366 0,5728 195 [ 36 ] 3,0705 17,6707 5,77 0,1370 0,5741 202 [ 40 ] 

3,0615 17,6094 5,75 — — 184 [ 37 ] 3,076 17,713 5,76 — — — [ 41 ] 

— — 5,77 0,135 0,572 225 [ 38 ] 3,0705 17,699 5,76 0,1370 0,5742 — [ 6 ] 

3,0603 17,6707 5,77 0,1342 0,5720 — [ 39 ] 3,0665 17,671 5,78 — — — [ 10 ] 

*  CASTEP [ 36, 37, 40 ], FLMTO [ 38 ], FLAPW-GGA [ 39 ] -

 [ 6, 10 ]. 

 4  

 Cij, ,  A,  B, ,

 G, ,  Y, , Ti3SiC2 [ 37 ] 

C11 C12 C13 C33 C44 C66 A B G Y 

355 96 103 347 160 130 1,26 184 140 300—311 

375 85 74 361 121 145 0,83 175 136 337—345 

 ( . . 3) , -

.

E(V) -

. . 2 ,  Ti3SiC2  (B  190—

220 ) ,  TiC (  410—510 ) [ 43 ]. -

 (  Ti—C  Ti—Si) 

 Ti3SiC2, . . ,

3SiC2 -

 [ 44 ]  ( . 3) , ,

3SiC2  [MC]. 

 ( -

, )

Cij.  [ 45 ], Cij -

,  [ 46, 47 ] 

E(V, ) . -

 [ 48 ] : C11,

C12, C13, C33 C44, ,  [ 37 ], . 4. ,

 Ti3SiC2 Cij -

 [ 49 ] -

: C11 > 0; C44 > 0; 

C11—C12 > 0; (C11 + 2C12) 33 – 2 2
13C > 0. 

Cij

B G. -

. 3.

 M3SiC2 -

                                           [ 44 ] 



. . , . . , . .810

 [ 50 ]  ( )  [ 51 ]. -

, -

, , -

. —

—  [ 52 ] (VRH),  (Y )  ( ), -

Y = 9BG/(3B + G)  = (3B – 2G)/{2(3B + G)}.

, . 4, 

.  Ti3SiC2 B > G, , -

, . -

 [ 52, 53 ], , G/B < 0,5, 

.  [ 37 ],  Ti3SiC2 G/B = 0,76, 

, , . .

-

,  [ 54, 55 ]. -

,

Cij. ,  [ 56, 57 ] 

A = C44/C66, .

 [ 37 ],  Ti3SiC2 A = 1,23, . . .

,

Cij,

: kc /ka = (C11 + C12 – 2C13)/(C33 – C13) [ 58 ]. . 4 , kc /ka  1,004, 

. . , . -

 Ti3SiC2,

, . , -

 ( . . 4) 

( . . 2). 

 Ti3SiC2. . 4  Ti3SiC2

 ( )

[ 39, 59 ]. . 5  Ti3SiC2. ,

. -

. 4.  Ti3SiC2 [ 59 ] ( )  [ 39 ] ( )
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. 5 ( ).  ( )

              Ti3SiC2 [ 59 ] 

. 6  ( ). 

                          Ti3SiC2 [ 39 ] 

s-  Ti3d- -

. .

 Ti3d-, Si3p-  C2p-

( . . 5).  

 (EF,  K— —M,

. . 4),  (N(EF)  4,8—4,9 /

 [ 37, 39 ]), . . .

EF  [ 36 ] ( k- -

—A, H—K, M—L  L—H, . . 4). ,

 Ti3SiC2 .

 Ti3SiC2 [ 39 ] . 6. 

, -

 ( ), . -

,

 Ti3SiC2  — , -

N(EF). , N(EF) -

-

 [ 10 ]. 

 Ti3SiC2

,  Ti4+, C4–  Si4–.

,  Ti3SiC2 -

 [TiC]4+,

Si4–.  [ 59 ] ,

,

d-  Ti p- . -

,  ( . . 4) 

Ti3d-, Si3p-  C2p- , . .  Ti—C  Ti—Si. 

 [TiC],  Ti6C ,

- -  —  C2p-  Ti3d-

,  Ti1, Ti2  Si ( -

i1 = + 0,641e, Ti2 = +0,614e, Si = –0,304e  C = –0,384e)  

dd— -  Ti [ 37, 38, 59—69 ]. , -



. . , . . , . .812

. 7.  (1)  (2)  Ti3SiC2 [ 37 ] 

 Ti3SiC2  ( . 7), 

 Ti1  Ti2 -

.  Ti2—C—Ti1—C—Ti2—Si i1, i2  C 

 2,13 Å,  Ti2  Si — 2,67 Å.  Ti1 ,  Ti2  

.

 ( ) ( . 8). 

, -

 — .

 [ 62 ]. . 8 ,  Ti3d—C2p ,

 Ti3d—Si3p, ,  Ti2—C ,  Ti1—C. 

,  Ti3SiC2 -

[ 59, 62, 63 ], .

-

 Ti3SiC2  [ 37, 62—67 ]. . 9 

. 8. -

-

        Ti3SiC2 [ 62 ] 
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. 9.  (a, c, Å) c/a (1)

                                                             Ti3SiC2 (2) [ 67 ] 

c/a [ 67 ]. 

, a  — c, -

.

c/a  (  < 43 ) , ,

.

 ( . . 9). ,

 Ti2—Si  [ 66 ]. -

 Ti3SiC2 . , N(EF) -

P  50 , . -

, -

,  [ 36, 66 ]. 

 Ti3SiC2 - -

(  Si  2d (2/3, 1/3, 1/4), 

. . 2) ab initio  [ 37, 64, 66 ]. ,

P  380—400 . -

c/a. -

, - ,  0,663 , -

-Ti3SiC2 -Ti3SiC2. -Ti3SiC2

-Ti3SiC2 ( . . 7) ,  Ti2—Si 

- . -

; ,

-Ti3SiC2 -Ti3SiC2 N(EF)  25—33 % [ 37, 66 ]. 

-Ti3SiC2 , -Ti3SiC2,

10 % [ 37 ]. 

 Ti3SiC2,  [TiC], -

,  Tin+1SiCn, n = 1, 2, 3, …, 

n  ( . . 2). -

 Tin+1SiCn [ 35, 69 ]. , Ecoh -

n. , n  Tin+1SiCn

 TiC, ,

Ti , . , , -

 Si,  Ti 

( . 10) [ 69 ].  Tin+1SiCn (n = 1, 2, 3  4) 

 [ 31, 32 ]. , -Ti3SiC2 -



. . , . . , . .814

. 10. 

Tin+1SiCn  TiC  Si  

                        [ 68 ] 

 Tin+1SiCn;

, Ti5SiC4 — -

.  [ 31 ] ,  Ti2SiC 

.

 ( . [ 11—13 ])  

-

 Ti3SiC2 (  Ti3Si1–xAlxC2,

Ti3Si1–xGexC2, Ti3SiC2–xNx .). , ,

 Ti3SiCN  Ti3SiCO,

 [ 59 ]. 

 Ti3SiC2  Ti3SiC2–xNx  Ti3SiC2–x x -

 Ti t2g N(EF).  Ti3SiC2–xNx

, -

 N—Ti2—C. 

Ti3SiC2, -

 Ti3SiC2.

 Al  Ge -

 [ 64, 65, 69, 70 ].  [ 70 ] ,  Al 

Ti3Si1–xAlxC2 , . , -

, , -

 Ti3Si1–xAlxC2. N(EF)

 Al 

 Al x > 0,67 [ 70 ].  Ti3Si0,75Al0,25C2  [ 65 ] -

 Ti3SiC2. -

- ,

Ti3Si1–xGexC2  ( 412 ),  Ti3SiC2

( 397 )  Ti3GeC2 ( 400 ) [ 64 ]. 

 TiC 

[ 43 ] , -

 —  50 %.  TiC 

Ti/C .

 Ti3SiC2 [ 59 ] , -

 Ti3SiCx,  TiCx,

 Ti, 

. : N(EF)  4,8 

(Ti3SiC2)  6,8 /  Ti3SiC2–x.

, -

 Ti3SiC2

 [ 59 ]. 

 Ti3SiC2

,  [ 11—13 ], 

, ,

. -

ab initio 

 Ti3SiC2 ( . 11, 12) [ 71 ]. -

, , , -
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. 11.  Ti3SiC2:  ( )  (001) -

                      : 1 — Ti1, 2 — C(Ti2), 3 — Ti2(Si), 4 — C(Ti1), 5 — Ti2(C) 6 — Si(Ti2) [ 71 ] 

 Si(Ti2) (001)  ( 3,3 %) -

. , -

 C(Ti1)  C(Ti2)  7,3 %, 

 4,5 %. ,

C(Ti1)  C(Ti2) ,  Ti2(C), Ti1(C), Ti2(Si)  Si(Ti2) -

 [ 71 ]. ,

 Ti3SiC2 -

 ( . . 12). 

ab initio , -

 SiC/Ti3SiC2,  96 

 [ 41 ]. , , -

 SiC/Ti3SiC2  SiC  Ti3SiC2.

,  Ti3SiC2. -

, ab initio -

 [ 64 ]. -

,  Ti3SiC2 z

 [ 39, 72 ]. 

 Ti3SiC2 -

, , , -

,  ab initio 

.

 Ti3SiC2:

 Ti3SiC2 -

,

. Ti3SiC2

,

, -

 [ 10—13, 73—75 ]. -

. 12.

 Ti3SiC2 : 1 — Ti2(C) (001) 2 — Si(Ti2)  

                                                (001) [ 71 ]  



. . , . . , . .816

, Ti3SiC2  ( - -

 1100 C),

 1200 C [ 10, 34, 76, 77 ]. -

 Ti3SiC2

[ 77, 78 ]. 

, -

.

 [ 80—82 ] -

 [ 83—86 ]. 

— : -

 ( )

( ), G  = 2 s, s — -

, us [ 80—82 ]. -

 ( -

) . -

 [ 81, 82 ] , s / us (D = 0,3 s / us < 1) -

,

. ab initio 

 Ti3SiC2  [ 44, 71, 87 ],  —  — -

 [ 88 ].  

 Ti3SiC2

G  [ 44, 71, 87 ]. , -

 —  — 

, .

, ab initio

.

 [ 44, 71, 87 ]  Ti3SiC2,

:

SIESTA [ 47 ], VASP [ 71 ]  FLAPW [ 87 ]. GC = (Ebroken – Ebulk)/2,

Ebroken — ; Ebulk — 

, ,  Ti1—C, Ti2—C  Si—Ti2 

6,16, 7,16  3,16 / 2  [ 44 ]. ,  Ti—C 

 Ti—Si. , -

 Ti3SiC2  TiC, K1

Ti—C K2  Ti—Si K1 = 4K2, -

S — 9 K1 S2 [ 44 ]. ,

, . -

X Y GC = ( slab
XE + slab

YE – nEbulk)/2S0, slab
XE

slab
YE  — ; n — 

; S0 — , -

 5,07, 6,33  2,88 / 2  Ti1—C, Ti2—C  Si—Ti2  [ 71 ]. 

, ,  [ 44 ], , - ,

 [ 71 ].  

 [ 87 ] , d

.

 Ti1—C, Ti2—C  Si—Ti2 . 13. 

ECL = GC[1 – (1 + x)exp(–x)], 

x = d/ , GC ( ,

),

, max ( ).
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 5  

 GC = 2 s ( / 2),

us, s / us  D = 0,3 s / us Ti3SiC2

(0001)
GC us [12 10]  s/ us D

Ti1—C 4,680 4,206 0,56 0,17 

Ti2—C 5,761 4,849 0,59 0,18 

Ti2—Si 2,677 0,944 1,42 0,43 

 ( . 5) 

 Ti1—C, Ti2—C  Si—Ti2, , -

,  ab initio  [ 44, 71, 87 ] -

,  Ti3SiC2 -

 Ti2  Si, -

 2 ,

. GC -

,  Ti—C, . .

Ti2—C—Ti1—C—Ti2 .  [ 87 ] -

 Ti2  Si 12,6 -

 — 21 %.  25 %  [ 10, 76 ]. -

, , -

,

.

, ,

us .

,

 [ 80 ].  [ 88 ] us [1210]

Ti2—Si, Ti1—C  Ti2—C, . 5. us -

[1210], -

 [ 10 ]. -

 Ti1—C  Ti2—C  5 , -

 —  ( )  Ti3d—C2p -

 Ti—Si [ 40, 59 ]. ,

a c - c/a >> 1, .

, ,  [TiC], 

Ti2—C—Ti1—C—Ti2, , . -

,  Ti3SiC2.

, ,

Ti2—Si , . -

— , , D = 0,3 s/ us > 1 [ 81, 89 ], -

. . 5, D

 Si (0001) , . . Ti3SiC2 .

, , , , ,

D = 0,04 – 0,1 [ 90 ].  

 Ti3SiC2  [ 91, 92 ]. -

. 13. 

Ti3SiC2 d

 Ti1 — , Ti2 —  Ti2 — Si 

 Ti3SiC2 (d = 0 -

      ) [ 87 ] 



. . , . . , . .818

 (1D) , , ,

, -

, .

1D -

 [ 93—95 ]. -

, .

, -

 1D . , ,

i3SiC2 (  Tin+1SiCn : Ti2SiC  Ti4SiC3)

.

 [ 91 ]  ( )  Ti3SiC2

. -

 Ti3SiC2  [ 91 ] ,

 ( , , [ 96 ]) — 

(Si/Ti/C/Ti/C/Ti) , .

 Ti3SiC2,  6 -

:  Ti,  Si ( . 14). 

 (

)

 Ti3SiC2: armchair (n,n)-, zigzag (n,0)-  (n,m)- . -

. 15 armchair (20,20) ,

 [ 97 ]. -

-

, . -

Tin+1SiCn. ,  Ti2SiC  Ti4SiC3  (Si/Ti/C/Ti)  

 (Si/Ti/C/Ti/C/Ti/C/Ti)  ( . . 14). 

 [ 91, 92 ] ,  Ti3SiC2 -

,  Ti3SiC2,  (zigzag

armchair) .  Ti3SiC2

. . 15 -

 (22,0)  Ti3SiC2.  ( A),

 –10,5  –9,0 ,  C2s- . B -

 –7,2  –5,5  Si3s- . -

. 14. -

 ( ) -

 ( ) (20,20) Tin+1SiCn (n =

= 1, 2, 3) . -

-

 (20,20) -

        Tin+1SiCn (20,20) [ 92 ] 



,  Ti3SiC2 819

. 15.  (22,0) 

                                         Ti3SiC2.
 — , –·–·– Ti3d-, ----- Ti4p-, 

   Ti4s- .  0,0  [ 91 ] 

 (  –4 EF)

 Ti3d—C2p—Si3p,

 –4  –1,3  ( C)

 Ti—C, 

–1,3 EF ( D) .

N(EF) , -

 Ti3d-

(69,6 %)  Ti4p- (8,7 %)  Ti4s- (4,3 %) . , -

 Ti3SiC2

N(EF). F -

,  Ti3SiC2 -

, . .

 Ti2SiC  Ti4SiC3 -

,  [ 92 ]. ,

,

. -

 Si3p-

, -

. , ,  Ti2SiC  Ti4SiC3 -

. ,

, -

 3d- ,

[ 92 ]. -

, ,  TiC  TiSi2 [ 98, 99 ], 

.

 [ 92 ]  Tin+1SiCn -

, -

 Ti—C,  Ti—Si 

,

 Si -

.

( , , )

 Tin+1SiCn .

 [ 91 ] Estr ( . .

)  Ti3SiC2 , , Estr  (20,20) 

 0,07 / , Estr -

 ( 0,01 /  [ 93 ])  MoS2  ( 0,15 /  [ 96 ]) -

.

 Ti3SiC2 .

, , zigzag- i3SiC2 ,

armchair  [ 91 ]. 

 Ti3SiC2  [ 91, 92 ] , -

. ,

( )

 [ 100 ] ,

- .

,  Ti3SiC2  [ 101, 102 ]. 



. . , . . , . .820

-

 [ 94, 95 ]. 

,  Tin+1SiCn , -

 — .

,  TiC -

 V5Si3. , , -

,  30 

1300 C  TiC, -

 TiC,  [ 103 ]. 

 650 C  ( -

 NbCl5) -

 [ 104 ]. :

 V5Si3 -

, -

,  VCl3 [ 105 ]. 

- , -

.

WC  Mn5Si3.  900 C -

 W(CO)6  Mg  WC [ 106 ]. -

 Mn5Si3  MnCl2

 Mg2Si  650 C [ 107 ]. 

 ab initio

 Ti3SiC2 — -

. ,

- ,

-

,  ( , ,

, ),

,  ( , -

)  ( ).

, ab initio -

,

, .

, ab initio , -

 Ti3SiC2 — ,

.
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