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Ti3ACz*E (A — Si’ Sl’l, Al’ Ge) %%éﬁ*’zﬂ\
S R S — 1 R EE 5T

HEE BT BREAM RHTT BAkE IR EEN FEHN

(Bt &R, Mot SRS AR ERESLRm=E, B  650106)
(2016 4£ 10 A 9 HIH; 2016 4E 12 A 1 HIKEME R )

SR FH 28— Do B ) 5 Y o O T T O R A SR SR B I AU 9T T Tis AC2 AH (A = Si, Sn, Al,
Ge) FIMIZE R RE . TS5 MRS PR VE R, 16X 75 7 s 451 Tis AC2 (A = Si, Sn, Al, Ge) PUANHHE
AT LA AR, X FE B8y S5 A8 2S5 | 70 25 P R0 WL Ao 2% B 3 A DR B I M AT A AL, IR LS A I Y
RS RRE. T4 REH: TisGeCo BHAN =22, TisAlCe FITEREERE, Ui TisAlCs 3 TisSiCa,
Ti3SnCs Al TizGeCo ¥ 5 Efl; TisACy (A = Si, Sn, Al, Ge) &M 7E$KAELAL I i T A% i, Mk#E
LR 1 4 R, RN B AR S v A & A k. Tis AC2 (A = Si, Sn, Al, Ge) &S Bt 12 Ti 19
3AHLTHIE, A (A = Si, Sn, Al, Ge) [ p AHTHIC 1) 2p AT WA D ETTER. g Mok SRR ) R 2
52 Tif)3d, A pHlCH2p AT p-d HFHUE AL, T p-d B 7508 2 Ak e B A DL B A AR e 11
gitl); X TisAC2 #H (A = Si, Sn, Al, Ge) 1ML [1 B 7L R B Tis A1Co W JFEF M4 & 7715055, 1M TisGeCs [1)
Ji - TR 4565 AR e, AR 5 R AR

KRR BBV, MAX A, TS5, SRR

PACS: 71.15.Mb, 71.15.-m, 71.15.N¢, 71.20.-b DOI: 10.7498 /aps.66.057102

1 5 =

M, 1 AX, BRI =0 EEhEWRERE
vy, Horh M AR 8 ST & (Ti, Zr, Cr, Mo); A
REEHITE (AL Si, P, S, Ga, Ge, Sn); X LK
A, MAX MM R SRS R TN TR, &
[ 9 P63 /mmc, F& iR 851 m] DU A Dy B 284l
FEEERII M, 1 X, F B S SR AR T
JEAE ¢ J5 1) A8 HE e ARk, AR X BUE
IANE (RP MX F 2RISR, MAX AHAT LK)
43N My AX A M3 AXo MDA K My AX3 FHEE. X
FloRR IR (10 JE 5 7 U MAX MM R R & T2
REEMIHE S, BARG ) P AR 2 PR
B OHEA FRETZ L EH R TR, 2N

B P SO . =0 JE R B R B 4 Jed R e R A A
T— 5, £ TR RFFEUF I T e SRR
PUAGEIE . mrR Ve 2 T, B W 2
PEFN i AR 50, T A AR R AR E T, BRI
A PR IR TS et 7E v T B AT LA R G R
() IR 320 A 5 A1 P B 5 2R 25 DA AR B 1 B i 1
B 1ol Rk, IEER =0 BRI &R T A EHE
o B EE R /D Re R, DA BRI 5] TR
MR AR, ARG B e AN T R
o i 5 14O,

TizSiCy I & 1A 45 4 5 - H Jeitschko 25 71 il
5, RS H N a = 0.307 nm, ¢ = 1.769 nm, 3t
B 1 Ti6C J\ T A4 4 747 DU 32 T I RE J5E 7 J2 40 B
A Tig AICo M RIFH L, TizSiCo MK RIFELER T &

* EFRARREEES (S U1302272, 51267007, 51461023). = M & Bt ITHARTF &L I (k5 : 2013DC016) FIF 5% £ @A kL

FAHEETH (S 2014XT02) ¥ 0TI iRE.
T 1BfE/E#E. E-mail: joanr8210@Q163.com
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JE RN PR B X E PR R, IE BT AR R B A S AL R
BE N HIE Sh b BRI R i Rk, il R e
e B A R {15 Ti3SiCy 78 T8 iR &5 ¥y J7 THI (1) 3
RSB, iR g K sh L LS.

1994 4£, Pietzka il Schuster 1 5 k& T &
B Tiz AlCo Ak}, TisAlCy MELSEE T 48 A %
IR AR S RE: B R fk, IREE R L o
FE, e S A n EAT LRI 1, e R E AR
RPEAMERESE. TisAlC, MHELEAG ZIREE K,
KU Ti6C /AW 48 I T 2 0 BRI K, &
g —A B A S PN Tis AIC, 731

Ti5GeCy i § 42 H Barsoum [ & f H 5k 11,
SEEE BN E S BN e = 0.307 nm, ¢ =
1.776 nm. TizGeCy [ T H A 4 & F1 e & 1 X0 &
S PERE SN, TERAMEIX IR BA Bk B e 1R 5
B DRI AT AR T L 13T 24 B 58 A0 B U A )
AR TR 24 FH LR 3 k) i JE AR

Benoit 1) 3 i #4 i JE 92 56 & B T TisSnCo,
TisSnCy 7E45 4 I 5 Ti3SiCs Al TisGeCy A A,
I Ti3SnCy, TigSiCo Ml TigGeCo 7E¥F £ J7 H B A
FAA I

HAT9%T TisACy M (A = Si, Sn, Al, Ge) [
TR EL VR R SR 1 RE I T AR B . T MAX
FHIVF 2 PR A2 th T 45 i MR voe 1, BRIk
B 70 FL - 65 A e 1k B S IR R A R R P R

B A TAETERE Iz RS R A 2 — M

JEELWE AT T Tiz ACo #H (A = Si, Sn, Al Ge) 1)
LS5 1) R PR A SR VR R, N 8 A s Al
TizACy Ml (A = Si, Sn, Al, Ge), bAK HAhE T )
RN FORN Tl b (g4t 4 ) B8 e # St

2 WHAEGHEA

A TAE R v S 5 T %5 FE iz ek B 1 55— 1t
JREE 7, I T 32 E Accelrys /A @] Material Stu-
dios2016 B H i & 1 ) B CASTEP (Cam-
bridge serial total energy package) AL 5g 1k M1,
CASTEP e — /T % iz ik T MR E
|1, P SRR g AT, ¥
BT A RS EAR, B - A AR RS
FHEHA ) XL (GGA) F1# PBE (Perdew,
Burke and Ernzerhof) "2 0BT IE, & 2 H Al
B9 ) R T R T SR BR UTVE. JER HEL
1351 5 75 8] ZRAE A 1 48 4K (ultrasoft) BE#. K H F

A AT, K RIS 13 x 13 x 2, dnfirh
H, 1 U BR B8 I P T i R AL R T, P Tk A H
F 20 RE AT R e, T A R BT I LI R
Wi {8 (cut-off) 370 &V. 7EHEAT % Wi+ 5 2 i 41
I BFGS (Broyden-Flecher-Goldfarb-Shanno) 75
PN i MR AT LT AR AL, DR E AT R Ak T
REGESS K. BT ERSSIORE N 5.0 x 1077
eV /atom, FEAN T BB ERART 0.01 eV /atom,
NZEmMBANT 5.0 x 1074 A, B 77 2/ T0.02
GPa.

Ti3SiCy, TizSnCy, TizAlCs, TizGeCq K& A
5K JE T NTT n &R, AR P63 /mme. TizSiCsy
MIEM SN a = b = 3.067 A, ¢ = 17.675
A a=p8=90° ~ = 120° 00, & 571 Py A
Fro~ Til(0, 0, 0), Ti2(2/3, 1/3, 0.1355), Si(0, 0,
1/4), C(1/3, 2/3, 0.0723). TizSnCy KIJE IS %N
a=0b=3137T A ¢ = 18650 A, o = g = 90°,
v o= 120° M K JE RN AR DN TiL(0, 0, 0),
Ti2(2/3, 1/3, 0.1266), Sn(0, 0, 1/4), C(1/3, 2/3,
0.0693). TizAlCy HIFEMBECA a = b = 3.073 A,
c=18557 A, a = B = 90°, v = 120° %), & JH
FHIW AR N Til(0, 0, 0), Ti2(2/3, 1/3, 0.1276),
Al(0, 0, 1/4), C(1/3, 2/3, 0.0691). Tiz3GeCy 5

K1 Tizs ACo MRS L H Y
Fig. 1. Crystal structure of Ti3AC2 (A = Si, Sn, Al,
Ge) phases.
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MBEN a =0b = 3077 A, ¢ = 17.76 A,
a =B =90° v = 120° Il & J5 7 1) Py AL bR Ay
Ti(0, 0, 0), Ti(2/3, 1/3, 0.1338), Ge(0, 0, 1/4),
C(1/3, 2/3, 0.5723). EATM MBS AL W1 K 1 B,

3 HRET®

3.1 TisAC, (A = Si, Sn, Al, Ge) 849
AR gE

e it 5, R4S 1 TigSiCy, TizSnCo,
TizAlCy, TisGeCy IR MM 451, 1THHAT I
AL S SR 1. R 1T LA 1, GGA 1
B THEE 5 S E 2 RE R A AT &, BT 5E4s
FAEAE.

H P o A R T 1K i B R
sy PR R BB A T P4 AR (1 BE B R 9 d A 1) &5

AAeE N T AE, T SR AR TR A R
WA, BRI R SE T E AR, 5 E X,
AT LM R R MAX FE AN RRE Eeon 17

Tiz AC,
Ecoh
Ti A C Tiz AC2
_ 3Eatom + Eatom + 2Eatom — Etotal 1
- : ;o (1)
Tia ACo » . Tig ACqy >
K h, ETSAC Sy Ti A, 9 1 B B, ETRAC: g

Tis AC, (18488, EM. sl M JE T 1% 5 T-A.
T R R 16 R LB A M A P R
R MR B AT B Rt -

AE;I‘igACQ
Tiz ACo Ti A C
_ Etotal — 3Etotal — Etotal —2F

total )
: e

Koh, EIUAC g Tig AC, B E B, B2 )
TizAC, [4FE, EM. | M AT s 8.

#1 TizACo (A = Si, Sn, Al, Ge) HITI IS N EAE SR GE
Table 1. Lattice parameter, cohesive energies and formation energies of Ti3 AC2 (A = Si, Sn, Al, Ge) phases.

MAX H YRS a/A b/A c/a Econ (eV/atom) E¢ (eV/atom)

Ti3SiCa GGA 3.075 3.075 17.729 5.766 8.265 —8.217
Exp. [13] 3.067 3.067 17.675 5.763

TizSnCo GGA 3.159 3.159 18.659 5.907 8.182 —8.126
Exp. [14] 3.137 3.137 18.650 5.945

TizAlCs GGA 3.081 3.081 18.785 6.097 8.062 —8.037
Exp. [19] 3.073 3.073 18.557 6.039

TizGeCo GGA 3.097 3.097 17.855 5.765 8.755 —8.726
Exp. [16] 3.077 3.077 5.772

Tiz ACo AH I A R RERITE e ln 3k 1 g, !
REe AWM R A R 1 HE IR AR, AR
BE B L MR S R TS, N IR AR R
A TR, 3R 1A LA B TizGeCo,
Ti3SiCy, TizSnCy | TisAlCs K P 58 AE B W I /),
UL TisGeCo MBS J1E5E, 1 Tiz AlC, IS 7]
5. BT RS YT B RE Y N Sl X R
ATAEXT B C R AE 2 ERFRE M. TizsGeCy 1)
TERBEBRK, 10 TisGeCy 5 Ti3SiCy, TizSnCy Al
TizAIC, HNEasE.

3.2 ETLEMMERR

1E JU ) &5 # A8 6 J5, TigSiCa, TizSnCa,
TizAlCsy, TizGeCy #r Brillouin [X & X #% &1 75 A

RETT S5 AT A LK 2, AR E(ETE0 eV AL
B TEEELRRTOREEIAE. 2 LA
i, TisSiCs, TisSnCsy, TizAlCy, TisGeCy )5 HL
PRI AR 5 1) & AR REAE, B TE B R
W, BT IRA S R Re R M Bk R 2 S 1 5 .
MRE T 45 B IR T LU H % Tis AC, (A = Si, Sn,
Al Ge) 23 Ai F g EASKERR, PR S e v R 5%
] . TisSiCs, TigSnCsy, TizAlC,, TisGeCs I
s AR FAL T —34——33 eV Al —13—0 eV A
X3, TizSiCa, TizAlCs B F 77 T 0—20 eV, 1
TisSnCy () S M AL T 03 eV, TizGeCy )57 7
T0-—25 eV. M 23 0] 55 B U LA B & A fe i 1
e 55 738 A R R 2 % kA% 0. TizSiCy A TizGeCy [1)
RE i 45 v, R TE A B R R AR K, Ul B &b
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TR B A R R BN, AR R
BOR, HBIZ 2R IR T HUE Y IR, T
TizSnCo KIRETT L, R WX N T3X 2 BE i A AL
SEZR MR T EME SR T PUE 4K, X

K2 Ti3ACs (A = Si, Sn, Al, Ge) M RET 45K
Fig. 2. Band structures of TizACy (A = Si, Sn, Al, Ge): (a) TizSiCg; (b) TizSnCs; (c) TizAlCy; (d) TizgGeCo.

K 3 4 Ti3SiCy, TizSnCsy, TizAlCy, TizGeCy
(1) o 7 B TR R oy 25 % R .l o o0 7 % R ]
(1) 53 A, BT DAHE W H 20 AR A 4 1 2% 5 1] 1Y
IS, PeKBEZR UL b Tif3d BT 3R 3 S
37, M Si, Sn, Al, Ge#)p f1 CHJ2p HFH /b & T
Bk, POKAEHRLLR, Tifd 3d HiE B 7. C 1 2p FliE
HLFH1Si, Sn, Al, Ge ¥ p $LiE HL ¥ #H B2 [0 TE A%,
TR . B3 (a) TisSiCo A% E K
ATLAE M, Sif3s B EEM T —11.5——6.0 eV
Rem X [a], DEALT —5.2—5.0 eV g & X 7] 1M Si
f) 3p B0 3 EAL T —7.5—5.0 eV AE R X [A], /b
AT —11.5——6.0 eV RE & X [1], K1 Si ¥ 3s F
3p LT HUEAE —11.5—5.0 eV AE & [X [A] A1 H. 8 &,
HL P HUE R A k. XFEEIE 3 (a) B ST AT C A%

St L 0P TR P SR, R RO K
TiaSiCa 1 Tiy GeCa HIAWHLIE 2 110 T A B K, H
Tia GeCly HIARHLIE 2 A1) T AR K, 20 TisGeC,
PR 3R,

(a) Ti3SiCq; (b) TizSnCa; (c) TizAlCs; (d) TizGeCa

FEBE AT LLE H, Siff3s 745 o5 98 10 98 1 i KT
CIlI2s 74, Si3s TS E RGN EL T
CHI2s 7, K sp 2440 EE N Si H 3s HE-FF1 3p H
T2 1A 244k, T Si i 3p A& HLTIURT C 1 2p A H
FRIE R AR S, fE —12.5——10.0 eV Rt &
IX 8], Sif¥3sHLi 15 C 1 2s BLIE B 7 T2 1)
Si—C 8t 5 ¥ S HuAL, Si-C A TLAE FH R 55 0 1 F
EMEMEEEEEM. £ -7—2.0 ¢V fEEX A,
Si [ 3p HLiE HE 7 A C (1) 2p HUE FL T 40 3 5 Ti Y
3AHUEH PR p—di 5 ESmA. WE 3 (a)
Hik v & T 3d BT AL T —5—5.0 eV g
HIX ), FHSif3s BT M3p BT 5 TiM3dH
T Z [ AFAE p-d Fl sp-d T W B Z2 4k, Ti A 3d
BB R TSI 3p YLl 7 EEAEFRKAER T
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1) —4.8——1.2 eV BE &L [X [H] S5, 1 p HhiE s A
dPUE A7 A R p—d B A TisSiCo A F2
SE IS5 1. Tif) 3d ML 75 P OK Be AL I 25 % |
WA 2.8, B & T Si A1 C 11 HL 1 25 55 B IR
DAl ot TisSiCo HY vy HL 5 26 32 B2 HH 2 oK Re 4t F i
TiF3dAHETEF. WE3 (b) FrlLAFE H, Snf
5s B 7 EEALF —11.0——5.0 eV fEEIX 8], /D&
LT —5.2—3.0 eV A IX [8]; 1fi Sn ¥ 5p HLF U 3
BT —6.2—2.0 eV e R X [A], 8T —10.0—
—6.0 eV AE R X [7]. [A 1 Sn Y 5s F1 5p HLFHUIEAE
—11.0—=7.5 eV e X [AAH L E S, T HIERAE
FeAl. Sn ) 5s LA 4RI T8 LI KT C 1 2s HL

15
10

Nno G

SEE eV
o

15

10

NO Gt

—
T

SEE eV

=
O O o W OO

ﬁﬁﬁ/ev

TA&, Sn5s B FIIAEEFIGEHELZ T CM2sE,
F W sp A4k 32 Z N Sn 1) 5s HLF-F 5p HL T 2 A 1)
Z4ks, T Sn (1) 5p A5 HLFJUFN C (1) 2p A HLFHUER
FRAVFEE R . #E —12.0——10 eV AR X [A], Sn
5s Pl HL 75 C 1 25 B3 LT T B Sn—C B
FFHAL, Sn—C A A F 66 # AR e 1 th i
HEBEEM. £ —6——0.6 eV BEEX ], Sn I 5p #lL
T8 HL A C 1 2p P LT 0 5 T 3d BUE H
TR p—d 85 3 FHA. &3 (d) F TisGeCy
(1) BB RF A5 TigSiCo AL, HRZFR T Ge Hsp 2
Ah, 75 7—17.0 eV B RE & X [A] N IEAFAE Ge Y 4s
5 Ti §)3p Hsp 244k

—

SEE eV
O ONTONERERDNDWOO = N WO WD O N

= =

15
10}

o O
T T

=
T

BEE /eV-T

==
S OO o W o O
T T T

At/ eV

3 TisACs (A= Si, Sn, Al, Ge) HIIMAREEMALHEE  (a) TisSiCs; (b) TigSnCa; (¢) TisAlCs; (d) TizGeCs

Fig. 3. Total and partial density of states of Ti3ACy (A = Si, Sn, Al, Ge): (a) TizgSiC2; (b) TizSnCg; (c) TizAlCs; (d) TizGeCa.

MBS (c) H Al LA H, ALY 3s T 2 24 T
—8.5——3.0 eV HeEIX[H], > EAIT 0—5.0 eV BEE
X Ta]; 10 AR 3p B3~ FE AL T —7—7.0 eV e
X [a], &AL F 10—15.0 eV BER X IA], Kt Al

3s Al 3p LT HUIELE0—5.0 eV RE & X B A B8 S,
L PUE R AE S L. XTEEE 3 () HF ALRT C IS %
FEEITTLLE H, ALK 3s 738 MR 58 B KT C
P25 T3S, Al M3sHTIMNAHEIEHEL T C
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)28 4%, R sp 24L EF R Al 1 3s LT A1 3p
T A=Ak, T AL 3p & LA C 11 2p A HL
THOEM R RS, 7E0—7.0 eV AEE X [A] Al
1) 3p B HL 71 C (1 2p Bt FL 743 31l 5 Ti 11 3d
HIEH TR p—d 85 R S B3 (o) F
WA EE T 3d B 7T EENM T -5-5.0 eVEEE
X [a], Pt AL 3s HE ¥ 11 3p L5 Ti 1 3d B+
Z B AFTE p-d Flsp-d T A B HE Z2 46, Tif 3d %
T HL TR0 AL 3p #UE L7 AR TR BE L T Y
—5——1.2 eV Re X [H] A, Ti Y 3d P 11 C
f) 2p BUIE T FEAETOKRESR P —7——2 eV e
DX [H] B, T p FUIE H TR d U R A A T
) p—d B8 Tis AlC, HA R I4EH.

F 2B T Tig ACo FH H 2 Fol sl 72 2 A K.
B AN S AR AE TOK BRI IS B R, — R

s M SR /NI R 3R 3 2 i 7 5 R
FARAR S5 2R T, S H, BRRE B R B KO, R
JEF TR A 2 B A R 2 U BB, BB,
e, MR A E U8l T Tis AC, MM R 2
REEFIALE D, N Ti-Si/Sn/Al/Ge 2 |8 7745 %
RS & IR, Ti—C 2 I8 W AE FH 26 W i ) .
M2 AT DU H =R ) Ti—C K R — 5
AN Ti—Si/Sn/Al/Ge 8, HH TizGeCy F1
Ti—Ge BB K B, U Ti—Ge B AEEUKR, X
5 2 R0 5 A5 % FE R B[ Ti, Ge I FHLE Z
()7 1E sp A A A K. oK Re g i 1o BRI 9 K e 4

WA B FEBUN (Er) 8 & MR R M, 2K
RE AL B B N (Fp) BRAK, Mk} 45 bk e
JE. T TigGeCq ) POKBEH A% BE N (Er) H
FAXHRAR, Ui B TisGeCy (IR E PR R .

#2 TizACs (A = Si, Sn, Al, Ge) T &8 B M &AL PR REH AL IS AH
Table 2. Bond length (A) and density of states at Femi level (V1) of Tiz ACs (A = Si, Sn, Al, Ge)

System Method Til—C Ti2—C Ti2—Si/Sn/Al/Ge N(Er)
TizSiCy This work 2.09 2.19 2.716 4.73
Other DFT [19] 2.105 2.203 2.711
TizSnCsp This work 2.09 2.23 2.742 6.36
Other DFT [20] 2.11 2.21 2.751
TizAlC, This work 2.07 2.20 2.878 4.64
Other DFT [19] 2.09 2.211 2.897
TizGeCo This work 2.09 2.20 2.702 4.62
Other DFT [20] 2.121 2.221 2.713
M M M M
X X X X
M M M M
A A A A
M M M
X X X X
AR/ eV
= 2.490%x10-1!
= 1.413%x101
= 3.364Xx102

(b) ()

(a)

= —7.405X1072

- —1.817x10"!

(d)

B4 (MTIEE) TisACa (A = Si, Sn, Al, Ge)(100) MM HEZE () TigSiCa; (b) TizSnCs; (c) TizAlC2; (d) TisGeCa

Fig. 4. (color online) Charge densities on (100) plane of (a) Ti3SiCa, (b) TizSnCa, (c) TizAlCsa, (d) TizGeCa.
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T N E A G B A Tis ACy (A = Si,
Sn, Al, Ge) #AH 1[5 [a] (1) e A% O, 326 A
JL (100) T Fr) HA 47 25 B2 43 AT BT3EAT 20 47, W] 4 fir
. HEATTBLE H, TisAC, ffidr, M-X 2 [alf
H 7 5 85 0 v, T M- AR A- X 22 ) ) i A 5 8
K, W M-X Z A LE R A BAE L, T M-A AN
A-X Z A FI/E AN S, A% Tis ACo & M ) FeL
o B P BT LA HY % o R Ay 5 B A0 A 1) 2
SITET M-A 2 [ A BAEF 5855, mE 47 LE
H M-A 2 (] ()5 - B SR 255 T A TizGeCo
A TigSiCo H M-A Z 0] [P L Auf 25 EROK, Bl o 5
B, 1M TisSnCo M Tiz AlCs H M-A 22 [6] 1] B, i
HRERUN, A TRERU.

3.3 EMMR

N T TR Tig AC M BHK 124k BE, A SCH]
DAL e B S THEE T Tis ACo AR 5%
HORFVERL R, PR B T R A SE Y 7T A
5BV, TI 5EE AE R DU Se  TAR 5E A AR T 1)
71, Horh s A B A IR & AR AR R VA B
ISR 4s. T Tis AC, AT EHE T 7877 dh &,
TS5 R R B H HomT LURI ORI Tis AC, HHALEL
MDA E. BB BRI N T7 i R )5
Fese MEFREH LA R R & P

Cin >0,

Ci1 —Cr2 >0,

Cyq > 0,

Cos > 0,

(C11 4 C12)C33 — 2CT5 > 0. (3)

KA B T TisSiCy, TisSnCy, TizAlC, Al
TizGeCo 1X VY P4 AL 1 3 P 55 KRN 8 8L 5
F3FrH. Bk CASTEP #4455, TisSiCy I
PEH B C = 307 > 0, C;p — Clp = 210 > 0,
Cys = 116 > 0, Co = 105 > 0, (C11 + C12)C33 =
113120 > 202, = 392003 & (1) K E %M, H
JIHBAE B T TigSiCy fE W o 778 H B A /1 2% %
ENE. [FEL TizSnCo WHPER £ C; = 324 > 0
Ci1 — Cra = 235 > 0, Cyy = 110 > 0, Ceg
118 > 0, (C11 + C12)Cs3 = 119770 > 2C%
13122, TizAlC, I 5 1 % # Cy = 269 >
Cip—Cip = 172 > 0, Cyy = 78 > 0, Cge

SIS

86 > 0, (C11 + C12)C33 = 96258 > 2C%, = 13778.
TizGeCo M HLEFE C11 = 320 > 0, C11 — Chp =
217 > 0, Cyy = 123 > 0, Cgg = 108 > 0,
(C11 + C12)C33 = 128169 > 2C% = 19602. LA
B 2R B TisSnCy, TisAlCs Fl TizGeCo #4 K11
# e Re g 1e € A 7E B BA 115 R g e,

S HOE AT LA MAX AHAARE R 5 %
) e P ) . B N7 A AR G R B MAX R AR
B ) P I LR =R S ok e P

033

AP = 23
Cll

_ C11 +C33 — 203

4C 4

2044
Cri— Cuy )
Forh, AP o a0 4505 10 %% ) S L, Ay
FTASy R BT U %% 17 S B0 BT AT
ELARAN 9 1, T BH o A 1 3 P 2 % 1) e 1 11, 75 0
VoK dCIICIRE

JE I TE A B B 2L, SR A Vogit-Reuss-
Hill S P21 5 MAX MR R s A, HilLT
16 J2& Vogit 1 1L A1 Reuss 1 AL 1 1 B4 450 50 F 1 %%,
THELAT 2 A S e A A AR B DR R R I
i, M RMER3 I, MR ERET
MRLG S AR I HEPT AR 71, B RLAR T B3 5 72
B, SRR R EER K, FEAFEM S IER TR, M
BBt AR SN, 52 24 I1E R, M4 RR
FLB A RF AR I Be sk kng. R 3 AR
TizSiCo AR AR & B FIBT VIR & G FIME 2 5N
183 #1100 GPa, G/B = 0.546. T 0.546 < 0.57,
Vi B TizSiCo MRS WIMERY. B, W] LA/ 3]
ff) Tis AlCy, TisSnCy Fl TisGeCy AR G/ B 1548
KT 0.57, BB TigAlCs, TigSnCy Al TigGeCy #1 K
e AE .

AR B2 R PR R AR AL BE D I B, AT B
KA EHE U 2 BE 1 2. R 3T LLE H
TisSiCo A R IR M HUARFUR IR, BT P & 2
mm R P IR AR AL BE 0 & B2, T DUR B He 28 1
BIHIRE S, — kU, 1R w1 BT DI (SR
JE - TR AR B S B e A e i (200, - B SRR 0,
TizGeCo H KR T4 & Fe s 1. SRR & e RAF
TE S B E 3P0 A B b B R B e
TG I (10 e M A — o e L I ELARRAE 1 2
Ji 1260 g A B W] Ry B AR P A L A

ASy

ASy =
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HREEE MRS, FAEMOK, AR AR — @ e
AR (R T A AEOR, BIRDRH 5 LK, 7R BIFE —
RLAIVER, AR SR AR . AT T A A
IR BERTE, SRR A RN Sk 1 JiR 1 [R)

Zier JTR/N. Tig A1C FYFAERE B I E AR BN,
328 AT LA Iy L 7 18] 45 5 778089, T TizGeCy
FORU A e ) 5 PR AR, 0 B LR T TR 45 5 A
xR, AR SR EEROKR.

#3 TigACs (A = Si, Sn, Al, Ge) FHAPRHRI T 5 B A B | B ) A5 B A i A
Table 3. Elastic constants, bulk modules, shear modules and elasticity modulus for Tiz ACa (A = Si, Sn, Al, Ge) phases.

MAX#M  C11/GPa C33/GPa C44/GPa Cgs/GPa Ci12/GPa  Ci13/GPa By /GPa Br/GPa B/GPa
TizSiCo 307 280 116 105 97 140 183 183 183
TizSnCsq 324 290 110 118 89 83 160 160 160
TizAlCo 269 263 78 86 97 81 146 146 146
TizGeCa 320 303 123 108 103 99 172 172 172
MAX# Gy/GPa Ggr/GPa G/GPa E/GPa o G/B P ASy ASs
TizSiCo 102 98 100 253 0.269 0.546 0.912 0.662 1.105
TizSnCsq 113 113 113 274 0.214 0.706 0.895 1.018 0.936
TizAlCo 84 84 84 212 0.259 0.575 0.978 1.186 0.907
TizGeCaq 114 113 113.5 279 0.229 0.659 0.947 0.864 1.134
H LR AR R % [ 7 R TisSiCo M RHE HIPER],
4 % % 1l Tis A1Cs, TizSnCy Al TiGeCa A1 i it 0;

1) tH B A2 TisAC, (A = Si, Sn, Al, Ge)
A BT A% S SRR AE T R S, B T AT
EH SL RS N R ReAE e R TH SR A L
5, 5 H M TisGeCsy, TizSiCq, TisSnCy #l TizAlC,
(1) P9 R BB B W R /DS, 6 B Tis GeCo HIHE A 71 B R,
1M TigAlCy (I8 & /15 55. TisGeCq HITE B HE i
%, 168 TizsGeCq 5 TizSiCa, TizSnCy Fl TizAlCs
FINARE.

2) MHLF S5 B A FE 73 8 Tis ACo (A = Si,
Sn, Al, Ge) MEHMFH, FES KRR b, Tif) 3d M7
G 3 S HUAL, T Si, Sn, Al Ge ) p A1 C i 2p
TAH b ETTHL; TOKREELLLT, Tif 3d BT .C
) 2p BHLIE HL T A1 Si, Sn, Al, Ge [ p BUiE B T4 H.
ZIHTE R T B B, g TigACy (A = Si,
Sn, Al, Ge) #PRH PR 1 £ 22 Ti 193d, AW
p M C 1) 2p &5 HL 7 1) p-d H 73 2 4k Ti3SiCo,
TizSnCo M TizAlCy HA AL LT ARACRE, T
TizGeCy B& T Ge I sp 28 Hb Ak, IAF1E Ge ) 4s 5
Ti 1 3p Hsp Z:4k.

3) iBiE X} TisACy (A = Si, Sn, Al, Ge) #1858
PEME R ST LA TisACy (A = Si, Sn, Al,
Ge) M EHER J2 REMS £ € A7 AE B B A 15 A e i,

Ti3zSiCo FAT IR 58 (1 HT AR AL (45 1, TizAIC,
F SR AR (B AR R A0, PT DA SH  JEL Ji 7 [ 4
IS, T TigGeCo MOBHUA 8 i B 5 MR, i
WL 1) 45 JI RN e, PRI S K.

&2k

[1] Liu Y, Zhang J B, Li Y, Xiao X P, Chen H M 2015
Mater. Rev. 29 517 (in Chinese) [XIME, 5K&WH, 2 H, &
FIMS, MR 2015 MEFSIR 29 517

[2] Sezgin A, Aynur T, Yasemin O C 2016 Solid State Sci.
53 44

[3] Sitaram A, Ridwan S, Li Z O, Wai Y C 2015 J. Eur.
Ceram. Soc. 35 3219

[4] Jiao Z Y, Ma S H, Wang T X 2015 Solid State Sci. 39
97

[5] Marcus H, Rolf G, Anneka V, Henry R, Peter S 2014
Surf. Coat. Technol. 257 286

[6] Navid A, Mina S H, Hamid R B, Naser E 2016 Int. J.
Refract. Met. Hard Mater. 61 67

[7] Jeitschko W, Nowotny H, Die K'Y 1967 Monatsh. Chem.
98 329

[8] Pietzka M A, Schuster J C 1994 J. Phase Equilibria 15
392

[9] Barsoum M W 2000 Prog. Solid State Chem. 28 201

[10] Benoit C, Ellen H, Nikhil K, Dominique V, Sylvain D
2005 Powder Technol. 157 92

057102-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.solidstatesciences.2015.10.010
http://dx.doi.org/10.1016/j.solidstatesciences.2015.10.010
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.03.023
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.03.023
http://dx.doi.org/10.1016/j.solidstatesciences.2014.12.003
http://dx.doi.org/10.1016/j.solidstatesciences.2014.12.003
http://dx.doi.org/10.1016/j.surfcoat.2014.08.034
http://dx.doi.org/10.1016/j.surfcoat.2014.08.034
http://dx.doi.org/10.1016/j.ijrmhm.2016.08.003
http://dx.doi.org/10.1016/j.ijrmhm.2016.08.003
http://dx.doi.org/10.1007/BF00899949
http://dx.doi.org/10.1007/BF00899949
http://dx.doi.org/10.1007/BF02647559
http://dx.doi.org/10.1007/BF02647559
http://dx.doi.org/10.1016/S0079-6786(00)00006-6
http://dx.doi.org/10.1016/j.powtec.2005.05.035

) I % R Acta Phys. Sin.

Vol. 66, No. 5 (2017) 057102

Payne M C, Clarke L J 1992 Comput. Phys. Commun.
72 14

Segall M D, Lindan P J D, Probert M J 2002 J. Phys.
Condens. Matter 14 2717

Medvedeva N I, Freeman A J 2008 Scr. Mater. 58 671
Yue L B, Xiao D H, Yue S, Chun C Z, Ming W L, Li P
S 2010 Solid State Sci. 12 1220

Jing R X, Chen X W, Teng F Y, Shu Y K, Jian M X,
Yu G Y 2013 Nucl. Instrum. Methods Phys. Res. Sect.
B 304 27

Shou X C, Wen X F, Hai Q H, Gui Q Z, Zeng T L, Zi Z
G 2011 J. Solid State Chem. 184 786

Stojkovi M, Koteski V, Belovsevi C, Cavor J 2008 Phys.
Rev. B 77 193

Xiao J K, Hua K, Chun B Z, Peter R 2015 Chem. Phys.
446 1

057102-9

Zhang H Z, Wang S Q 2007 Acta Mater. 55 4645

Bai YL, He X D, Sun Y, Zhu C C, Li M W, Shi L P
2010 Solid State Sci. 12 1220

Sin’ko G V, Smirnov N A 2002 J. Phys. Condens. Mat-
ter 14 6989

Neumann G S, Stixrude L 1999 Phys. Rev. B 60 791
Xiao M Y, Hua H, Yu H Z, Ling Y, Pei D H 2014 Com-
put. Mater. Sci. 84 374

LiuY, Hu W C, Li D J, Zeng X Q, Xu C S, Yang X J
2012 Intermetallics 31 257

Hu W C, Liu Y, Li D J, Zeng X Q, Xu C S 2013 Physica
B 427 85

Fan K M, Yang L, Sun Q Q, Dai Y Y, Peng S M, Long
X G, Zhou X S, Zu X T 2013 Acta Phys. Sin. 62 116201
(in Chinese) [JEIFE, BF0, #hIRoR, AN, R, %
B, R, HL/NE 2013 PP 2ER 62 116201]


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/0010-4655(92)90003-H
http://dx.doi.org/10.1016/0010-4655(92)90003-H
http://dx.doi.org/10.1088/0953-8984/14/11/301
http://dx.doi.org/10.1088/0953-8984/14/11/301
http://dx.doi.org/10.1016/j.scriptamat.2007.11.043
http://dx.doi.org/10.1016/j.solidstatesciences.2010.03.007
http://dx.doi.org/10.1016/j.nimb.2013.04.006
http://dx.doi.org/10.1016/j.nimb.2013.04.006
http://dx.doi.org/10.1016/j.jssc.2011.02.007
http://dx.doi.org/10.1016/j.chemphys.2014.10.022
http://dx.doi.org/10.1016/j.chemphys.2014.10.022
http://dx.doi.org/10.1016/j.actamat.2007.04.033
http://dx.doi.org/10.1016/j.solidstatesciences.2010.03.007
http://dx.doi.org/10.1088/0953-8984/14/29/301
http://dx.doi.org/10.1088/0953-8984/14/29/301
http://dx.doi.org/10.1103/PhysRevB.60.791
http://dx.doi.org/10.1016/j.commatsci.2013.12.036
http://dx.doi.org/10.1016/j.commatsci.2013.12.036
http://dx.doi.org/10.1016/j.intermet.2012.07.017
http://dx.doi.org/10.1016/j.physb.2013.06.038
http://dx.doi.org/10.1016/j.physb.2013.06.038

32 % R  Acta Phys. Sin. Vol. 66, No. 5 (2017) 057102

First principles study of electronic and elastic properties
of Ti3ACy (A = Si, Sn, Al, Ge) phases’

Hu Jie-Qiong Xie Ming! Chen Jia-Lin Liu Man-Men Chen Yong-Tai Wang Song
Wang Sai-Bei Li Ai-Kun

(State Key Laboratory of Advanced Technologies for Comprehensive Utilization of Platinum Metals, Kunming Institute of
Precious Metals, Kunming 650106, China)

( Received 9 October 2016; revised manuscript received 1 December 2016 )

Abstract

A first-principles plane-wave pseudo potential method based on the density functional theory is used to investigate
the phase structures, energies, electronic structures and elastic properties of TisAC2 (A = Si, Sn, Al, Ge) phases. In
this paper, TisAC2 (A = Si, Sn, Al, Ge) crystal structures are first optimized, then the band structures, total and
part density of states, charge density distributions and elastic properties of these compounds are analyzed, and the
cohesive energies and formation energy of these phases are also calculated. The results show that the TizGeCs is more
stable than other compounds, the formation energy of TizAlC; is the lowest in these compounds, which indicates that
TisAlC is easier to generate; TigAC2 (A = Si, Sn, Al, Ge) each have a higher density of states at Fermi level, which
shows the strong metallicity, meanwhile, the electrical conductivity of each phase is anisotropic. The DOS at the Fermi
energy is mainly from the Ti-d electrons, which should be involved in the conduction properties although d electrons are
considered to be inefficient conductors. The lowest valence bands are formed by the C-s states with a small mixture of
Ti-p+d, and A-s+p states. The electrical properties are mainly decided by the p-d hybridizations between 3d electrons
in Ti and the p electrons in A (A = Si, Sn, Al, Ge) and 2p electrons in C, and the strong hybridization of p-d states
make the materials have stable structures. It should be noted that the calculated bond length of Ti-Ge is shorter than
those of Ti—A (A = Si, Sn, Al) bonds. This implies that the Ti—Ge bond is stronger than Ti—A (A = Si, Sn, Al)
bonds. Furthermore, the Fermi level of TizGeCs> is relatively low, which also indicates the relatively high stability of
TizGeCa. The charge density provides a measure of the strength of the ionic bond, so that TizGeC> and TizSiCo have
stronger ionic bonds than TisSnCs and TigAlCz. The strong M—A bonds in TizGeC: lead to a decreasing and c lattice
parameter value increasing. The spherical shape of X represents more like an ionic bond. The z-directional localized
shapes of A each is more like a covalent bond. The covalent bonds of A elements each are localized along the z direction
so that they affect mostly the c lattice parameter; the calculated elastic properties of TigAC2 (A = Si, Sn, Al, Ge) phases
show that the atomic binding force of TizAlCs is weaker than those of other three phases, while the atomic binding force

of TizGeCy is relatively strong, which makes the strength of TizsGeCsy quite high.

Keywords: first-principles, M AX phases, electronic structures, elastic properties
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