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(2019 4E 1 H 27 HUk#; 2019 4£ 3 A 5 HikZIENR)

it A SR RO R ALY, TR0 I 1 T Ik R A A R Y BT — AR . BT SR 2
L VE LR MY . A A R A S TR &R, = On A Y BIF 5T DA X g D . AR SC L I NbyBsC
Nb,B3Cy 5 AT, R TCE BB A T 29 F TMB,C (TM K3t 8 4 8 6 %) 25 1 29 F TMB,C, 45
¥, ok T % B2 R BIR 158 — MR R B SR 7 vk mIh R B T % sh DL R S S8 a E m
TayBsC Ml Ta,ByCo HIFUHTAR. 25038 R S0IA T X P 2R B e 245 . B 45 i RIS % T3 8
RIX AR A SR, S EEET Ta i A9 d B X PR H AR B E B K258 26 GPa, 61 TagBsC
Ta,BsCy J& T 57 1 B2 A1}, (HAS 28 A4 )
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PACS: 62.20.Qp, 71.15.N¢, 31.15.A—, 61.50.Ah DOI: 10.7498 /aps.68.20190158
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# 1  NbyB,;C, NbyB3Cy, TayB;C il Ta,B;Cy SRRILEHZAL

Table 1. Structural parameters of the Nb3B3C, NbyB;3C,y, TasB3;C and TayB3C, configurations.
Y TR FIES AR FHESE(A, degree) JE AR AR

a = 3.284, 3.265%, b=

Nb3B3C  Orthorhombic Cmem  28.877, 28.710%, ¢ = 3.144,
3129 o = B =~v=90
a = 3.257, 3.229*, b =
Nb,B3Cy  Orthorhombic Cmem  37.874, 37.544% ¢ = 3.153,
3133, a = 8=~ =90
= 3.267, b = 28.688, ¢ =
TayB,C i N ’ ;
a3B3 Orthorhombic Cmem 3133, 0 = B =~ = 90
Ta,;B3Cy;  Orthorhombic Cmem @ = 3.243, b = 37.609, c =

3141, 0 = B = v = 90

Nb1 (4c) (0, 0.2128, 0.25), Nb2 (4¢) (0, 0.3620, 0.25), Nb3 (4c)
(0, 0.4532, 0.25), B1 (4¢) (0, 0.1120, 0.25), B2 (4c) (0, 0.0155,
0.25), B3 (4¢) (0, 0.0790, 0.25), C (4c) (0, 0.2878, 0.25)

Nb1 (4c) (0, 0.1621, 0.75), Nb2 (4¢) (0, 0.2805, 0.75), Nb3 (4c)
(0, 0.3946, 0.75), Nbd (4c) (0, 0.4642, 0.25), B1 (4c) (0, 0.0854,
0.75), B2 (4¢) (0, 0.0118, 0.25), B3 (4¢) (0, 0.0602, 0.25), C1 (4c)
(0, 0.2202, 0.75), C2 (4c) (0, 0.3383, 0.75)

Tal (4¢) (0, 0.2121, 0.25), Ta2 (4c) (0, 0.3619, 0.25), Ta3 (4c)
(0, 0.4531, 0.25), B1 (4c) (0, 0.1130, 0.25), B2 (4¢) (0, 0.0155,
0.25), B3 (4¢) (0, 0.0791, 0.25), C (4¢) (0, 0.2874, 0.25)

Tal (4¢) (0, 0.1615, 0.75), Nb2 (4¢) (0, 0.2806, 0.75), Nb3 (4c)
(0, 0.3945, 0.75), Nbd (4c) (0, 0.4641, 0.25), B1 (4¢) (0, 0.0861,
0.75), B2 (4¢) (0, 0.0118, 0.25), B3 (4¢) (0, 0.0602, 0.25), C1 (4c)
(0, 0.2202, 0.75), C2 (4¢) (0, 0.3380, 0.75)

T *SCHR[L7) P R SR

NbyBsC R 25 # il 1(a) AE 1(b) BT,
M AT LU Y RS54 f AT LRI A S PR X
B: Nb-C X Fll Nb-B [X. £ Nb-C X H', Nb Jii
I C R TFIE BUE SR NaCl BIZ5 K, C IR 70 T
N T A W ANTTTTE % NG RN 6 O [ G LT VA ¢
h 6, &K 6 4 Nb—C i, 8K o [Hl 7 2.142—
2.273 AZ i), 5 o0k &9 Nb,C 1 Nb—C K
(2.191—2.218 A) #14. 7£ Nb-B X1, Nb JFi-FF
B JEFIE K AIB, BI454, B i F7 F 6 4~ Nb Ji
F BT B = b A oL, Nb—B g K i [ A
2.394—2.456 AZ b, 5 —ib-& Y NbB, th

1 (a), (b) NbyByC Ml (c), (d) NbyB,yC,y B FhRLEH (5
BR, Nb i # Bk, BT #y Bk, C BT NbeB =i Fl
NbC /NI A 533 ¢ (R4 (3,381 )

Fig. 1. Crystal structures of the (a), (b) NbsB;C and (c),
(d) NbyB3C,. The light brown, blue and pink spheres rep-
resent Nb, B and C atoms, respectively. The NbgB trigonal
prisms and NbgC octahedrons are painted green and dark

brown.

Nb—B #K 2.428 A4, B JFETHHES LA 5
HRIE T, BEsR, B BIETFRT S
SHAETA 6 4 Nb JEF S LAN, 8545
34 B JEF R, It B R RIENECN 9.

W 1(c) FE 1(d) Bz, NbyBsCy Z544 i
T-HEF 7 =R NbsByC Z5H AR, SEAS A Al T
A, XAET Nb-C X A N AR JZEA AT
FIX RS AR, (75 7 o 55 g v B AT
NI JR P58 A S AL o R ¢ BUEAAH .

ARSCHEBETCR FIIREM, IV, V E R
La RUSNY T A S48 (TM = Sc—7Zn, Y—
Cd, Hf—Hg) fE B ITE, 210 NbyB;C Fil Nby
B3C, 454 Nb J5ir, JEAL 29 # TM;B5C i 29
TM,B;Cy. B FEiTi81X 29 F TM;B,C L& Wy
JIHFRGENE. X TF— 5 i = o &Yk
Uk, AN RE S A R PRSI0 AH DL R HAth = ST A
PEBAE. (R a6 AR E
Ffr, 1O 0T L BB AR A% TR U St T )
TM;B,C LAY = Fl A AR R E T,
M e HEBR — 3R AR 1 TM;BC A, —Ff B 5T
PR =8 TM3BC ARk S8 7 B R

3 x TM + 3 x boron + 3 x carbon +» TM3B3C. (1)
X FizAb2E R, T LA iR 2R AR b 5
J7 1]:

AHelements = (7 X Hraapse — 3 X Hryg

-3 x Hboron - Hcarbon) /77 (2)
:Et EF‘ 3 AI_Ielements %Eﬂﬁ‘ﬁi}ﬁ TM3B3,C /f’t%%
E/‘Jﬁﬁjﬁkﬁa HTM3B3C1 HTM? Hboron iﬁ] Hcarbon 6}%”%
=JC TM,B;C. ¥.J& TM. P50 L K A7 B B e
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(Ff7: eV /atom). WA A Hejemenss > 0, MITERE 1L
SN A A2 HEA T, =J0H TMEB,C EAFER), B
R 25 5 FH A B s A5 Ui B Ak 2% s g v LA ) A i
15, = I8 TM;BgC FHXF = Ffr B SR 6 e U2
SE. TE U T 58 F 346 2 v AR B
M&E, A 16 f TM;BsC AHEARE 1, B SehiHE
. I AY 13 b TM,B,C A ) T A4 ik, S
T4 IB—VIIB % (Re b1 it ¥4 Rt E. H
JEAX 13 Bl XS BT R R A, 34 T BE A3l Dk R
. A DL K SO M AT AL PR X A el
TM-B-C 21 43, 38 32 75 TJo AL & 1K 45 9 25040
(ICSD) F1E [E b4 HFHE R ZH TR0 2 (0 AR B 2

(materials project i )] 48 Z HAH N 4 45 il B2
Bt ZIOCAHRI =TI, AR A A B TM;B;C 4
. EAFMEEA G, K E A mAR A —4 PR
ZH TM:B;C MM E s frdl & R 2
AT X 13 MR R FRE TM:B3C A AT

AHomp = Hrp,esc — Heomps (3)
K, AHeomp e he 5o FH 240 A E L TM;B5C 1k
BRI RS, Hoony, A2 B 0E T8 20 5 1045 (8
(B7: eV /atom). HIER AHcomp > 0, WIEERE =T
A TMsB3C SR AFRE WY, 2357 itk iU Fa e 58 4 20
Ay A5 ) 158 BH AE X BT A RT BB A R ), 0T

%2  ARRERSY TMyB;C Fl TMB,Cy HITERUE (eV /atom)

Table 2.  Calculated formation enthalpies of different TM;B3;C and TM,B3C, phases (eV/atom).
TM;B;C TM,B5C,
™ . .
AHgements A Heomp BAETE AL AHeements AHeomp BRE TS

Sc -0.637 0.071
Ti -0.896 0.019
vV -0.687 0.101
Cr -0.294 0.159
Mn -0.100 0.195

6ScBy 4 Sc,C3 + ScyC = 4S¢3B;3C
9TiB, + TiC + TigCs = 6Ti3B3C
3VB + C = V;3B3C
3CrB + C = Cr;3B3C
3MnB + C = Mn;3B;C

Fe  0.002
Co  0.094
Ni  0.296
Cu  0.738
Zn  0.713

Y -0.385 0.089
Zr  —0.851 0.019
Nb  -0.698
Mo —-0.257 0.175
Tec  -0.005 0.326

9YB, + 5Y,C + Y,B4C, = 7Y4B,C
37rBy + 27rC + Zr = 27r;3B;3C
3NbB + C = Nb;B;C
3MoB + C = MoyByC

-0.023

Ru 0.211
Rh 0.230
Pd  0.552
Ag  1.027
Cd  0.846

Hf -0.920 0.016
Ta —-0.704 0.003

3HfB, + 2H{C + Hf = 2H£;B,C
3Ta;B, + C + 3TaC = 4TayB,C

W 0094  0.227 3WB + C = W,B,C
Re  0.281
Os 0.590
Ir 0.604
Pt 0.708
Au  1.096
Hg 1.186

12TcB, + 11C + 3T¢;B; = 11T¢;B,C

0.144  10ScBy + 4ScyC3 + ScyBCy = 7S¢yB3Cy
9TiB, + 7TiC + TigCys = 6TiyB3Cy
18VB + 7C + V(C5 = 6V,B3C,

9CIB + 4C + CryCy = 3Cr,ByCy

-0.520
—0.863 0.018
-0.628 0.092
-0.194 0.178
0.024
0.139
0.255
0.456
0.959
0.929
0.160 6YB, + 8Y,C + 3Y,B3C, = 7Y,B;C,
37rBy + 47rC + Zr = 271r,B;C,
C + 6NbsB;C + NbCs; = 6Nb,B;C,

3MoB + C + MoC = Mo,B;C,

-0.283
—0.838 0.020
-0.661 -0.002
—0.155 0.202
0.138
—0.369
—0.406
0.744
1.295
1.112
~0.922  0.018 3HfB, + 4HfC + Hf = 2Hf,B,C,
3TazB, + C + 7TaC = 4Ta,B;C,

3WB + C + WC = W,B,C,

-0.010
0.273

-0.691
-0.007
0.425
0.755
0.758
0.855
1.310
1.333
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TM;BsC & WA e E 4. TE UGS AHeomp 3T
HEERA T3 2, WA TM;BsC 1 ke
ARG WITE 2. NFE2ATLIF N, 2
FaE MY TM;B3C A A NbsB;C —F, X FlSL 56
FELART NbyByC A MR 25 2 —3, it
W] T A SO RS R ] ek, 8 R
3|, TayBsC I BUKS A Heomp F2 R IEAE, {H A
e P A A2 HA 0.003 eV/atom. %7
PRI EL IS B — R SR B BB T3 40 6 B T AR &
FRPERE, PRI Q2R % SRR B R R T AR e A
AT RE AR A SR E S U ik P22 T
0—2000 K T TagB;C Ml K HigfaE e 4 &4
HHEE, WA 2 Frn. Y E#EEY% 250 K g,
TayB;C AN A BT IR T HE R e F G
FH, BRCR FH AR BEE BT 15, TasBsC AHIE 58
SATATE iR T A A 2.

T

g 0.002

3

)

< —0.004

>

<

z —0.006 Ta3B3sC

3 Ta,B3C

H —0.008 - e
l215 ---- Most competing phases

—0.010 A

_ 0.012 -_/\

0 400 800 1200 1600 2000
Temperature/K

K2 REBEET TagBsC, Ta,ByCo 4 3 H A R
FETERU AN A ez 2

Fig. 2. Energy differences of Ta;B;C and Ta,;B;C, phases
with respect to their most competing phases as a function

of temperature.

K EREUE, WiTE T 29 F TM,B,C,
FHETE BRG , 2550 03 2. X T A%, A 18 Fil
TM,BCy A5 ] T4, HA 1180 TM,B3C, #H
X F LT AT DU E AE AR, 4R T A TIIB—VIB %
HELEICER. (AN FREEERAE, BA
Nb,B;C, #l Ta,BCy s S FRE N . K 2 BR
Ta,B3Cy A 7EFEA SR X 7] (0—2000 K) #FA] LA
T EAAAE. X TasByC MR, Ta,B3Cy HH5 H:
HH R Fefa g se P AL A IR 25T K, NIL R
Ta,B;Cy AHEL L TayB,C AHEA BRI e .

L DL B, AR SO N T TasBsC Al
Ta,B3Cy PIFHAT LA F A2 A AE . A SCRY T2
3T NbsB3C Fl NbyB3C, 5 HEAT Y, R L iir 15

B TazB3C Hl Ta,ByCy I AH 34 A 3 19 F 45 #4 . X
F TayB;C fil Ta,B3C, 414315, A W ESAEAERE
R ERE S . ST G RIA M USPEX #
{4 080 0 5 T R B AR 4B 551 1 CALYPSO #
A 090 2 YT A T AR 5 R4 TR XA, A 5 ) 0] 45
WO TRZIISEH]. h T i fias il 5
P, SR T PR AR S0 01 4 2R 4 Jmy B B e 4. R
FHl USPEX 1 CALYPSO #7454, £ —1%
A8 50 A2, ALk i VASP B0 ok 58 B,
TR — AU RE i B (R A i 2 20 AUORFEAE,
INRESTH RS, $B T 2 )mhe i IR Z5 .
R 1) T 548 & A5 R R R 56 T NbyBsC Ml
Nb,B,C, i TazB,CHl Ta,ByCy 45 44 15 K BE & fix
K54, A 2 T NbsBsC Fl Nb,BsC, HI 4544
K TazBsC Fl Ta,BsCol 43 Ay SEA LA . A5 (H
BYITE 1], BT Ta—B Fl Ta—C [R5
4T Nb—B fl Nb—C Mg, it Tay,BsC Al
Ta,B3Colf) i 48 Z B FH /N T 40 1 9 NbyBsC
Nb,B,Cy HTAHE.

3.2 ZhAhFEMAOFBREH

J T 8k TasBsC Fl Ta,BsCy 4544 1 50 11 %
Rk, TR T HE Faduih L, a6l Tr 3 .
TEREAN A1 BLUH X0 N 28R ATl je A, i 3R W15
WEERTE S 12 R e 1.

T2 RE B BRI ) — DB 5E. T)
SRR Y ERE fVATE K AR AR N AR R R IE
B J72F R PR AT LG I A ey P o O T R R
JE I S5 A7 R F B 291 %6 T+ TagB,C Hl Ta,BsCy Jir
JEBIEAS AR R, FRUE S50 Y 9 Ak 7 i B Tk
AR A% € > 0, Cy > 0, Css > 0, Gy > 0,
C11 Gy > 0122’ C11C22C33 + 2C12C13C3 — 0110223—
CosC2% — C33C2, > 0. T TayByC Fl Ta,B;Cy
SERL RS TR 3, AT WAERSE A Lk SR,
Kt TayByC Al Ta,B3C, ZEHERRE J12-Fa5E /).

3.3  HiEfEee
2 SR SRR B T L pl R R A S
BOTAAE]. R BB YIEE G A5 H
DU A 275 3] 20
B=(1/2)(By+ Bg), G=(1/2) (Gy + Gr), (4)
Hrr, TR VAR 4351183 Voigt Fl Reuss J7ik.
By, Bg, Gy Fll Gg W H LA T A2
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Fig. 3. Phonon dispersion curves of (a) TazB3C and (b) Ta,B;C, structures.

%3

Calculated elastic constants Cj;,

configurations (GPa).

TayB,C, Ta,ByCo Z5HIMIBPET R M SBIR | BTUIR R MZECTERE (GPa)
bulk modulus B, shear modulus G, Vickers hardness Hy of TazB;C and Ta,B3C,

- PP L Jizpng T
Cu Coy Ci3 Cu Css Cho Cia Cis Chs B G B/G  Hoen Hrian
TasB3C 569.6 5144 563.5 194.1 180.0 261.8 187.1 147.3 173.9 295.9 200.8 147 25.3 25.3
Ta,B;C, 581.1 535.3 602.1 197.3 185.1 275.8 200.3 146.0 170.2 305.7 209.0 1.46 26.2 26.2
Nb;B;C 544.3 479.8 522.8 181.5 1719 2453 170.9 1329 162.2 275.3 189.7 145 24.8 24.7
Nb,B;C, 551.5 499.2 5485 184.0 175.1 257.1 183.2 132.7 157.8 282.9 1958 1.44 25.5 25.4
TaB, 302 200 1.51 24.4 24.5
NbB, 287 195 1.47 24.8 24.8
TaC 324 215 1.51 25.6 25.9
NbC 239 161 1.48 21.6 21.4
SiC 213 187 1.14 33.6 32.2
Al,O4 232 147 1.58 18.7 18.7
TiN 259 180 1.44 24.3 24.0

TE: 2 JUA S 2 RE BNk F Materials Project ™Iy,

By = (1/9) [C11 4+ Ca + C33 + 2 (C12 + C13 + Ca3)]

Gv = (1/15)[C11 + Ca2 + C33 + 3(Caa + Cs5 + Cg6) — (Cr2 + Ci3 + Cas)],
Br = [C11 (Ca2 + C33 — 2C43) 4+ Ca2 (C33 — 2C13) — 2C53C12 4+ C12 (2C23 — C12) + Ci13 (2C12 — Ch3)

+ Ca3 (2C13 — Ca3)] " % [C13 (C12C323 — C13C22) + Cag (C12C13 — C23C11) +Css (C11C22 - C'212)] )
Br = [C11 (Ca2 + C33 — 2Ca3) + Ca2(C33 — 2C13) — 2C33C12 + C12 (2023 — C12) + C13(2C12 — C13)

+ Ca3 (2C13 — C3) 7! x A,

Gr = 15{4[C11 (Caz + C33 + Ca3) + Ca2 (Cs3 + C13) + C33C12 — C12 (Ca3 + C12) — C13 (Cr2 + Ci3)
— C3 (C13 4 Ca3)] /A +3[(1/Cua) + (1/Cs5) +(1/Cee)] } 7,

;H\: EP, A = 013(012023_013022) + C(23(6(126V13

*023011) + 033(01102270122) :

TazB;C Hl Ta,ByCy 4514 B A L1 B FIGY
Pt G UL 3. T A, NbyBsC 1 Nb,B;C,
SER I TSRO A — I 4 L X R — Bl R
TMBsCy &5 1) B A G AR KT TM;B,C 45

()

¥ XA ) K3, TagBsC (TayBsCy) 4544 1Y
B GIHIIFE KT NbyByC (Nb,B;Cy) £5#), X I
F Ta-B-C RS MK, X BT & 3L Ta-B-
C FHHEPT B A5 T 1) B 225 - FH L 11 £ 1 Nb-
B-C . 4l Pugh 255148 27, B/ G B HAERT
K FNWT— A RHE MRS W, 45 B/G > 1.75
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KM RIMERT; R R EDR BT . 4
XAFIPE AT, TagB,C, Ta ByCy S5 HFIE I
T sl 2 hef B R AR [R] S T Rt A1

9 T 2 TasByC Hl Ta,ByCy A Jy i 5 41
BRI ATYE, TR T AR TR R T E R
2Bt 4 SRS T IR LR 3K 281 R L1 R 2 F O
A1,

Hepen = 2(k2G) 0.585

3, (6)

Hrjan = 0.92k"137GO-708, (7)

(6) A1 (7) A, Hopon TN s, 5253 5IAR G DR 2K
0T KR B2 23 s RA B A 4 TR E , & S 59 0]

Energy/eV
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—15 —10 -5 0 5 10
Energy/eV

Bt G FATIRL R B i LA,

A TayB;C, TayB;3Cy, NbyB;C, Nb,B;C,
SER L B — S JeAH IR BE (5 1 3 . Y
T B 158 VR I 45 AR ARG, 0 S8 A SCH & R
) Ta-B-C = JuAHME EE 2K 26 GPa, fim T2
Nb-B-C = JCAH. 26 GPa i (% W] TayB,C
Fl Ta ByCo AHHSAS SR AE AL, (H 0w T 5 i i
AR, FCAE B (E AR V. A9 —JCAH TaB,, TaC FHiT,
T ALOs A1 TN AR EAE T SiC K}

3.4 HEF4EE
lzl 4 g/ﬁ\l':lj T T33B3C ﬂ:ﬂ Ta4B3CQ 2:151:@ E‘Jﬁ%%

sl
4 )

3 Ay ALY,
ki

______________

DOS/eV-cell~!

—15 —10 -5 0 5 10
Energy/eV

B 4 (a), (c) TagBsC Ml (b), (d) Ta,BsC, 45 M Y 1 45+ A1 25 25 F 4]
Fig. 4. Band structures and density of states of (a), (¢) TazB3C and (b), (d) Ta,B3C, structures.
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FIRIAZ R (DOS) K. fer a5t I, $hoK i
SERLREAT, A AN TAHSE B, X UL B AH A N
k. ) DOS EIRT LA H, $fokim iy 7283
FE Ta i F19 d B, B S R 2R F
Ta R TH d T X PAHEA R RINEH,
DRI G 25 2 B PRI AR AR L. LA 535820 vl L A
9 LA AN, B T U 2 AN 3 Ta A
B JEF S DTk LS, Hifth 7 NS A
SAEAIE X B TR C R, 14 eV
F-10 eV [ 1, FERIETF 2s PUE LWHET, 1
~10 eV F| %% K B8 2 1Y BB AP X B0 32 2R I T
2p L. M\-10 eV B ZF K BE K 1Y RE Y X A,
Ta i ¥ d 15 BJEFM p BT, DL Ta i
T A5 CIRFM p BFZRIE A TR
241k, X UL Ta i1 B LK Ta fil C Z A 2R 5%
LN 25 5.

R

y

4 % @

ARSI BTz RS S — R R T,
LI NbsB;C fl Nb,B;C, 544 ik, R LR
RIEFNSE I RIBAGS A, I T Wi
#J TasB;C Fl Ta,BsCy HrAH. Hid TayB,C 454 1
AL B SESRUE A, (SR T T DR
T7E1E. TayByC Fl Ta,ByCy HAH 1) 4 FC AT & K4
26 GPa, ¢ HH X P A B8 V%A 148 3 HE T A1} A b e
(B A T v B R AR 3 TP A A 2 S L A U 1 A
BE AN HAME AN | RS R R S 2L
AN, HIXF —I0H, = JeAHEAA B R A A
O3 UL R PR e Rl M R L IR AT 3 R TagBsC
Ta,B3Cy FHIEH R 0] P Z T RERE B A4 AL [R]A AL
IR S AT A T e, TR 2EnT LY SRR o 2 2V
MOBHAZR, DT AT AT 28 4 B3 22 RS A
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Abstract

To search new hard or superhard materials in transition-metal light-element compounds is a current
research focus. Most of the past researches focused on binary phases such as transition metal borides, carbides
and nitrides, while the researches on ternary phases were relatively rare. The single crystals NbyB;C and
Nb,B3;C, were synthesized recently by using Al-Cu alloys as auxiliary metals and their structures were
determined by Hillebrechtand Gebhardt. In the present paper, 29 TM;B3C and 29 TM,B;C, configurations are
constructed by TM atoms (TM = Sc to Zn, Y to Cd, Hf to Hg) replacing Nb atoms in the known Nb3;B;C and
Nb,B3C, configuration. By calculating the formation energy from first-principles density functional theories,
only 13 TM;BsC and 11 TM,B;C, phases are stable compared with the three elemental substances of TM, boron
and carbon. However compared with the most competing phases, only Tas;B3C, Nb3B3C and Nb,B3C, phases are
stable thermodynamically. The metastable Ta,B;C, phase at 0 K becomes stable when temperature is higher
than 250 K. Thus two new phases of TasB;C and Ta,;B3C, are uncovered to be stable thermodynamically.
Global structure searches conducted by the popular USPEX and CALYPSO softwares prove the Ta3B3;C and
Ta B3C, phases to be the most favorable energetically. By calculating the phonon dispersion curves of the
TasB3C and Ta,B;C, phase, no imaginary phonon frequencies are observed in the whole Brillouin zone, which
demonstrates the dynamical stability of the Ta3B;C and Ta,;B3C, phase. The calculated elastic constant of the
TasB3C and Ta,B3C, phases satisfy the criteria of mechanical stability, showing that the Ta;B;C and Ta,B3C,
phase are stable mechanically. The calculations of band structure and density of state show that the Ta3B;C
and Ta,B3;C, phases are both conducting, which mainly arises from the d electrons of Ta atoms. The calculated
bulk modulus and shear modulus of the Taz;B;C and Ta,;B;C, phases show their brittle nature. The hardness of
TasB3C and TayBs;C, phase are nearly the same and calculated to be about 26 GPa by Chen’s and Tian’s

models, which illuminates that the two phases are hard but not superhard.
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