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%E"J%—/I\%m%E@Lﬂ?&@—%i%ﬂ@ﬁ%‘a, TZE Fig. 1. Photoelectron spectra of TasC, (n = 0-4) cluster
gﬁ%ﬂ%@%gﬁ*ﬁz‘éﬂ\ i %%%%ﬁgﬁuiﬁ(#ﬁj\%@ anions recorded with 532 (left) and 266 nm (right) photons.

F 1 TasCy (n = 0—4) FABERE TR R SR ER (AE), #i¢ VDEs/ADEs A X525 VDEs/ADEs
Table 1.  Relative energies (AE ), theoretical VDEs and ADEs of the low-lying isomers for TasC,, (n = 0-4) cluster anions,

as well as the experimental VDEs and ADEs estimated from their photoelectron spectra.

Stk s XA ABJeV VDB/eV ADE/eV
micl SR MRl SR

Ta, 0A C, 2B 0 0.94 1.16 0.92 1.10
0B C; A 0.30 1.32 1.16
0C Dy, ?By, 0.92 1.59 1.39

TasCy 1A C, 24" 0 1.23 1.35 1.22 1.31
1B Cyy 232 0.27 1.07 1.03
1C Csyy 2B, 0.46 1.18 0.76

Ta4C; 2A C, 2A" 0 1.49 1.51 1.34 1.44
2B C, 24" 0.29 1.22 1.18
2C C, 14" 0.30 1.05 1.04

TayCy 3A Csy 2A, 0 1.17 1.30 1.13 1.21
3B C, 6A" 1.03 1.66 1.65
3C Csyy 2A, 1.41 1.35 1.29

TasCy 4A Doy ‘B, 0 1.70 1.86 1.69 1.80

4B C; 2A 0.09 1.61 1.39 1.60 1.35
4C Doy GAQ 0.21 1.75 1.74

023601-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 2 (2021) 023601

M 1 AT LAE H, 532 nm 5504 F 345G
FRETG A BT /3 HEA, T 266 nm 55 1F T DG
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Ta,C; WK B FHY VDE F1 ADE 20514 (1.51 +
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] T HAB A 14, ui e ATl sesk A TSR 5
PR, 355 1 56 6 T i 22 1) VDE H1 ADE 4351 4
(1.39 + 0.08) eV 1 (1.35 & 0.08) eV, K7 KR
WEFITfi Y VDE Fl ADE 435124 (1.86 4 0.08) eV
1 (1.80 + 0.08) eV. TasCy A% 51F Y 266 nm
JEHL T RERE T KR 532 nm 3K PSS, B LA
WSS AN SR sy, b O AL i 45
ARSI BN 2.58 F1 3.93 eV.

3.2 IEipER

Bl 2 MBI TasCy (n = 0—4) BIFE AR
TR RE & S A 1A 1) JLART 45 | AE X RE 1 DL B L F
. R T RE RN, T T TasCyy (n = 0—4)
VI 17 8 IR e 1 3 A9 (A 1Y 21 VDEs #1 ADEs
JE5F % 1. 3t VDE Ry B A I 075 1 5851
AU b VAR B B 5 A AS A 11 B R e 2. B
i ADE 45 LA B T IS B AR G a5 AL i i
R i 1) M A 72 1Y) BB 5 RS AT £ B Y B
2. Bl 3 MR X B ER 2 EH (Koopmans’
theorem, GKT)[™0 4] 1) TasC, (n = 0—4) Kl

2 1>

0B (Cq, *A)
0eV +0.30 eV

I

0C (D2n, ?Bau)
+0.92 eV

> W B

1A (C,, 2A") 1B (Cs,, 2Bs) 1C (Csy, 2B2)
0 eV +0.27 eV +0.46 eV

2A (C,, 2A") 2B (Cs, 2A") 2C (Cy, *A")
0 eV +0.29 eV +0.30 eV

3A (Cyu, 2A1) 3B (Cs, 547) 3C (Ca, *Ay)
0eV +1.03 eV +1.41 eV

4A (Dsq, *Bs) 4B (C4, 2A)

0eV +0.09 eV

4C (D24, %A2)
+0.21 eV

Kl 2 TayCy(n= 0—4) HIREME 7RG A 4
X he i &7 PBEPBE/aug-cc-pVTZ/C/aug-cc-pVTZ-PP/Ta
AKAF3RAR. H 2L (A RAR AR, 75 AR URAR R T

Fig. 2. Low-lying isomers of TasC;, (n = 0-4) cluster anions.
The relative energies are calculated at the PBEPBE /aug-cc-
pVTZ/C/aug-cc-pVTZ-PP/Ta level. Cyan and red balls
stand for the tantalum and carbon atoms, respectively.
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Fig. 3. Comparisons of the experimental photoelectron spectra of TasC;, (n = 0-4) with their simulated density of states (DOS)

spectra. The vertical lines are the theoretically simulated spectral lines.
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FaE (R AR, BB e (45K OA J&— IR ith
PIPUTE AR, JEF Oy XTFR&ERE, A0 2B, BT
FH A B 230K 2,53, 2.54 Fil 2.62 A, RFAE Y
SR OB J&— A B U R 254, T8N0
A FHIR 0C MR —AZEIR 454, J& T Dy, X FR
SR, T AN 2By, SR 0A B9 HES VDE HI
ADE 43512k 0.94 F1 0.92 eV, 552864 ((1.16 +
0.08) eV #1 (1.10 + 0.08) eV) #M 4. 7EIE 3,
SRR 0A 1) DOS i 1] Hh e e 14 457 5 R B 5 51
G FREIE A — 2. A1 0B A1 0C g 4h
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MR, AR E R R IA Oa J2—N IE P,
T, XK SR, A, LTRSS, A O 2,54 AL 7
¥ Ob F1 Oc 2h Tay PO RS #4017
A, AN F R B AL, HLBe i o ) b R A A
0a 5 0.54 F11.28 V.

# Tay Cp R T B T IRRE & A i, JEAS
S5K 1A S — ik JR 75 15 76 DU THI A Tay i —A 1
L7, BT O R, A A, AR K 4 )
h1.97 f12.31 A, AR 1B HPRIE TS Ta, M

SER TR A PIANEJE T ARE . SR 1C TP AR R
WA e B T DU AR LS ) — e B A
1A i #i VDE (1.23 ¢V) il ADE (1.22 eV) 5
SCHHE ((1.35 4 0.08) eV Al (1.31 & 0.08) eV) #H
— 3, H DOS 1% Kl 5 52 5615 B AW & . 5 18 14
1B Fl 1C Y BE & LL S A 4K 1A 2301 &5 0.27 eV A
0.46 eV, EAT7E A A IR rP AT I AT REPEAR )N
I, PCHEHLFRETE i 2 19 Tas Cy AR TR B - 1 45
¥k 1AL X F Pk Ta,Cy H %, FAIR 1a f
1b 454 430 5 AT % 17025 F 1A R0 1B AHAL, 1b
AE AL 1a 7 0.08 eV. SFHIIK 1c tb 1a RER
0.45 eV.

ke 1Y) TasCy BIFE T B F4510 2A Tk
J T 53 50 7 55 AE Tay DU R B B4 T B 7, J& T
C, iURE, 2A" 28, HBH -k 38 43 00l oy 1.95,
2.09, 1.99 1 2.18 A. BHIEHRAFRMI1K 2A () VDE
Al ADE 4350 1.49 eV Fl 1.34 eV, 5 TayCy A#%
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ik 2A. SHgAR 2B H1 2C 1Y RE &2 91 1 2A %
0.29 eV #10.30 eV, EfTHYHIE VDEs (1.22 eV Al
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Fig. 4. Low-lying isomers of neutral Ta,C,, (n =

2a Fll 2b SRR TR 2A Z5FAE0L, 7850
FIABAT FILA, FEASEER 2a 40 T i A BER, Ui
HiPE Ta, ColA 7 HA S HEYE. FAR 2b T 2¢ BBE
AT HEIEASZE R 2a 8 0.12 eV F10.13 V.

7 Tay Cy AL S B T I AKRE = S A Ao, s
SEK BA JE—AEUA ST T IREER, JB T Gy SR,
BT 2A ), 81— AREEK Ol 2.00 AL A {4 3A 1)
JHi VDE #1 ADE 23514 1.17 eV #1 1.13 eV, 5
LA ((1.30 + 0.08) eV Al (1.21 + 0.08) eV) %
. SR 3A 19 DOS 1S E 5L R & S
1A 3B 1 3C fieE 3 I EL 3A %5 1.03 eV 1 1.41 eV,
TE S 56 v G I 2. PR, S 6 b o 2] Y
Ta,Cy B 1 85 7 0 M1k 3A. 76 bk Ta,Cy
ek, BARAE R A SFHIIAK 3a, 3b Al 3cky lylifasrir
TREER, BTS00 LA, BAVRITSA. SR A 3b
3¢ WAL 3a e i/l 0.74 eV Fl 1.55 eV.

Ta,Cy &G FRADE L 4A J2— 1 B§ ik
NG SEITIREER, JRT Do SRR EHE, BTN
1B,, 40— BREEK N 2.05 A1 1.99 A, SFAMK 4B J&—
ANET O KRR S BER LN 7 5 A, LTS R %A,
SRR 4B BURERY L 4A 75 0.09 eV. HEIHE T
5 S F K 4A (1 VDE/ADE(1.70 eV/1.69 eV) 5
TasCy A1 #1785 F 532 nm % HL T RE 1S i1 %8 g
((1.86/1.80 + 0.08) eV) £ & Wy BL4F, i 544 {4

4) clusters..

4B ¥ VDE/ADE(1.61 eV/1.60 eV) 5 TasCy
W15 171 25 532 nm G HLF R3S Ay SE i ((1.39/
1.35 + 0.08) eV) fF & 13454, MIE 3T LLE H,
W SRR 4A F1 4B (19 DOS i KIZ R, 7] LIAR L
Hi FE PR TauCy A% 67 B9 F OB L FRE TS . A1k
4C T 4A MIBEER S 0.21 eV, ARMEZE SLI6 W 5] .
I, A SZEG Fh SRR 4A T 4B SH77. BfasEny
bk Ta,Cy HFE 4a & — A HA B RE (G)
I RIS 7 (RS54, H T4 B, A4 4b &
— AR UERYSEITIR (T), BTN PA,. FHA
4b Fl 4c L SFAIAR 4a BB 73R 0.26 F1 0.49 eV.
SRR 4a 1T I BJE a-TaC iR/ NS T OS2 7
oL, AT AR O LT, e

3.3 it it

Kl 5 J2 TayCp, (n = 0—4) HIFE B Ay 5256
VDE/ADE Fil#i¢ VDE/ADE Fifi# #5145 H 45
fe B et &, T LR S-S BeEm) & 15
R T TasCy (n = 0—4) BIFETE TIFESSE
455 HO L 1) v AR LS 5 R AR B, v] LIIACh 71
BRI ADE X R JH vt [T 5 9 F - 2 FTRE.
MIE 5 AT LI H TasC,, (n = 0—4) F#E B T
VDE/ADE 1B B ik J5% % B (9 35 i 3 fm , {52
FE TasCy BIRRAL H I “TUIBE” . MR —I4, SR H
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PR BT R Multiwfn8U %f TayC,, (n = 0—4)
R T B - I B e e 4 M R AT 1 20 T3 Lo o
Br, 45 % 401 6 frzs.

Ta WIS B A B T 5 P 0E (singly
occupied molecular orbital, SOMO) ] 2] 43 i 7
4R JE L TagCy P ) SOMO L4320 1
A: 1Ta, 20.39%; 2Ta, 30.14%; 3Ta, 30.14%; 4Ta,

—a— Expt.
—o— Theo.

1.5}

\
4
N

1.0

1.5}

-~ :
1.0} -/

Number of carbon atomsn

J

Bl 5  TasCp (n = 0—4) Fl# 7 5 7 5% VDE/ADE
HIiE VDE/ADE BERR J5 1 5 i i) 22 Ak i 5

Fig. 5. Experimental and theoretical VDEs and ADEs of
TasC;, (n = 0-4) versus the number of carbon atoms.

17.20%; 5C, 1.21%. 4551 i PUETE Ta,Cy
% 1 SOMO 5t #ik 43 5l 4 : 1Ta, 28.58%; 2Ta,
20.35%; 3Ta, 21.33%; 4Ta, 28.58%; 5C, 0.44%:
6C, 0.03%. i TasCs KR SOMO HUE 1o
H 1Ta, 4.21%; 2Ta, 4.21%; 3Ta, 4.21%; 4Ta,
84.84%: 5C, 0.34%; 6C, 0.34%; 7C, 0.34%. #cka
E 1) TasCy A FE 1 85 F B A7 34 SOMO, Horp
SOMO WL W43 N: 1Ta, 2.96%; 2Ta, 46.07%;
3Ta, 46.07%; 4Ta, 2.96%; 5C, 0.26%; 6C, 0.26%;
7C, 0.001%: 8C, 0.001%. SOMO-1 FYHLIE B4
1Ta, 46.07%:; 2Ta, 2.96%; 3Ta, 2.96%; 4Ta,
46.07%; 5C, 0.001%; 6C, 0.001%; 7C, 0.26%; 8C,
0.26%. MUL F#UIE W53 40 B il LB ), TaaCy A
TR SOMO il B AR ] Hofth A 7%,
SOMO F=Z A J& fF — A 80 Ji 7 Jl [l L iy e 7
N Z—AHIETF AR, FE TasC,, (n = 0—4) K
B T 1Y VDE/ADE #4 3 & 7 TasCy 4b Hi 81
‘IR R

F T HIANHRE Ta,C(n = 0—4) HIFEIIS5H,
1E PBE/aug-cc-pVTZ/C/aug-cc-pVTZ-PP /Ta /K
- X} TasCl (n = 0—4) HIFEIE B Tl Tk,
FFARAT 1 A1 % 7Y B B RE (lonization potentials,
IPs). FATE BN PE TayCo(n = 0—4) IR
WHLBSREST N 5.72, 5.75, 5.52, 5.64 Fl 5.15 eV,

SOMO SOMO SOMO

HOMO-1

HOMO-1

SOMO SOMO

jof"; g:g %. J

HOMO-1

HOMO-1 SOMO-1

6 TasCr (n= 0—4) BIES TR0 THUER 2

Fig. 6. Diagrams of the selected molecular orbitals of TasC;, (n = 0-4) cluster anions.
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AV Da —0.86
o e
sl
T2 0.40
2o\ R W 056
e
‘\\i %
~0.07
(0.25)
Ta4C§/0
~0.86
(—0.81)

B 7 TasCo’%(n= 0—4) BN NPA AT (Q |e], LT 6B ) Tl Wiberg 52k (5 (L5, 45 5 v Oy v DA 8 AR X 12 8
Fig. 7. NPA charges (@, in |¢|, red values) and Wiberg bond indices (WBISs, purple values) of the most stable structures of TasC,, /0

(n = 0-4) clusters. The values in parentheses are from the neutral clusters.

530k [61] HF Ta,C,, (n = 0—4) FIFERY S5 H B
fi£ (5.83, 5.80, 5.55, 5.79 fil 5.15 eV) AT, LT
A B0 rh PR B LS R 2 & By i Ta,C, (n
= 0—4) i S5 F#1E (highest occupied
molecular orbital, HOMO) Fl &Kk 7 43+ HLiE
(lowest unoccupied molecular orbital, LUMO) g
Z¢7% (HOMO-LUMO BERR) 439 0.98, 0.72, 0.11,
0.95 1 0.03 eV. A LIF | Ta,C, Fl Ta,C, HIFER
HOMO-LUMO REBRE /N, Ui B AE TasCy Hl TasCy
P 2 611 85— ) Ol L B G v B — A R A kg
ZEPERIN, X 5 IR AR EE A

TEFIRE TasC /% (n = 0—4) iR , 11
TP Y T A R (NPA)B2 LA B Wiberg 5 9%
SN 7R AL T A LAE B TG (n =
0—4) A ) s for = 24 v 7ERR I+ J8 1 (—0.87
le] — —0.77 |e|), VEHAGH RIS LT 6 A5 3] 1
WRIFT, BATN 2 PRk L L (y = 2.55)
KFHEAEBGYE (v = 1.5) FrEk 48R Wiberg
HERA T 1.17 F1 1.39 Z[8), BH-feZ A4 A ok 3k
Wrf. 405 B Wiberg B/ T 1.87 5 0.50
2 [a), Bt B - 98 AR, 0 A i 1 A
AHI55 T EFZ VR T, B R AR
73327 P BH - 4 S S A S B L

T W5 A 1 e B S5 38 n Y
AR, 254 SCHR 19289 th Tal (n = 5-—11) BIRERY JLA
ZEHly BT Tagl (n = 0—4) 1 TauCr/" (n =
0—4) BRI F45 508 (B,). R EWT:

By (Tagin) =

[(4+n) x E(Ta) — E (Tag;)]
n+4

)

Eb (Taéz-i-n) =

[(3+n) x E(Ta)+ E(Ta~) — E (Tay,,,)]
n+4

)

Eb (Ta4Cn) =

[4 x E(Ta) +n x E(C) — E (TayC,)]
n+4

)

By, (TasC,,) =
[4x E (Ta)+(n—1)x E (C)+E (C~)— E (TasC; )]
n+4
Hrp BTN A 85 TR RE &, IrAs g R anikl 8
I 2 e, il 8 Figk 2 v L, BEE T
BOE AN, Tay /2 (n = 0—4) Fl TaiCr'" (n =
0—4) BRI B, B0, X ui B kil 5 520 H
RGN, A 7 A 25 BB D T 5 B O T A .
A, ff TaiCo O AR B, 540 4 IR A 7 Taglo
() B, AT HE, & TauCr/C HIFEIY B, 305 TAR
I Tay /o FREIY Btk Ta,Cy P 10 05 45
HREMIA 7.13 eV, MiH M Tag FIFER IR T-456
REA M 5.37 eV. X ihd B A A S AR s 1,
15 VA 5 it 25 LR i T R B TR N, -k
T EERIE A R THE R A RHE . XU EIE Tk
140 Y 15 5 (4153.15 K) i 5 T 40 4 8 19 48 A5
(3290.15 K)B4. 3k 51 AJ LA Sy 3 o 458 il Bl 5 5 o
TR o A — S ST K

Y
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Fig. 8. Size-dependence of binding energies per-atom (E) of
Ta;_(?Wb and Ta4CT_L/O (n = 0-4) clusters.

%2 Ta /ORI TasCy/% (n = 0-4) HIFE AL
THGHE (By)

Table 2.  Binding energies per-atom (F;,) of TaZJQL
and TasC,, /0 (n = 0-4) clusters.

E,
n
TasCr Tay,, Ta,C, Tay,,
0 4.40 4.40 4.35 4.35
1 5.10 4.78 5.43 4.65
2 5.90 4.99 6.16 4.93
3 6.56 5.30 6.81 5.22
4 6.98 5.44 7.13 5.37
4 % #®

AR G T RERE 45 At AL LR s,
3 TagCr/® (n = 0—4) BIFER L T-45H . JUAT 55
DR P AT T FSE . SIS TayCy, (n =
0—4) H#E7E TH9 VDEs 43 %14 (1.16 + 0.08),
(1.35 + 0.08), (1.51 + 0.08), (1.30 + 0.08)
(1.86 & 0.08) eV, TiAH i Ao H M [ 7% 1) L - 25 Al
AEZ> 9 M (1.10 + 0.08), (1.31 + 0.08), (1.44 +
0.08), (1.21 + 0.08) FI (1.80 + 0.08) eV. Ta;/° [
e DU T (AR 25 g, BTt B T 7 3 Ty DU 1A
fg—ATHT L7 B TaaCy /O . PB4 )
SEAE Tay /O DU I AT L7, B TasCy ' I
TayCy ' WA 2 W0 — AN e £y <7 D7 PR 45 g . TaCy/°
I 5 2 — A W AL I 130 7 PR, AT LA S
a-TaC IR —4 2 x 2 x 2 . Hrp, ik
Ta,C, il Ta,C, HERE—ERNE. TasC,, (n = 0—4)
A2 970 85 T4 T B3 A0 AT 4% R % Tau €5 /O A
) SOMO F= 245 Ja 7 — /M I 7 R [T, 3 8O

VDE W] @A THIAR A1 5. BG4 R R BE & iR
TR, TasCr’® (n = 0—4) HIFE AR5 4 )
SHEZ T AR R BR - AN B, B R R TG
FLE 5 T AR R T4 4 Tag (o (n = 0—4) H
U A B (4 0 ACRT A 8 B R 4 B B AN Th
P Ta,C, IR HLIR 25 G R mik 7.13 eV, 5k
A B TE E  RURRPEAR G,

S 0k
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Electronic structures, chemical bonds, and stabilities of
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spectroscopy and theoretical calculations”
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Abstract

The electronic structures, chemical bonds and stabilities of TasCr”° (n = 0-4) clusters are investigated by
combining anion photoelectron spectroscopy with theoretical calculations. The vertical detachment energy
values of TasC; (n = 0-4) anions are measured to be (1.16 £+ 0.08), (1.35 £+ 0.08), (1.51 + 0.08), (1.30 + 0.08),
and (1.86 + 0.08) eV, and the electron affinities of neutral Ta,C, (n = 0-4) are estimated to be (1.10 4+ 0.08),
(1.31 4+ 0.08), (1.44 + 0.08), (1.21 + 0.08), and (1.80 + 0.08) eV, respectively. It is found that the geometry
structure of Taj cluster is a tetrahedron, and the most stable structure of TasC] has a carbon atom capping one
face of the Ta; tetrahedron, while in the ground state structure of TasC; cluster, two carbon atoms cap two
faces of theTa; tetrahedron, respectively. The lowest-lying isomer of TasC; cluster holds a cube-cutting-angle
structure. The ground state structure of TasC; is a 2 x 2 x 2 cube. The neutral Ta,C,, (n = 0—4) clusters have
similar structures to their anionic counterparts and the neutral Ta,C, cluster can be considered as the smallest
cell for a-TaC face-centered cube crystal. The analyses of molecular orbitals reveal that the SOMO of TasC3 is
mainly localized on one tantalum atom, inducing a low VDE. Our results show that the Ta-Ta metal bonds are
replaced by Ta-C covalent bonds gradually as the number of carbon atoms increases in TasC, /0 (n=0-4)
clusters. The per-atom binding energy values of TasC,’° (n = 0-4) clusters are higher than those of Ta;{z (n=
0-4) clusters, indicating that the formation of Ta-C covalent bonds may raise the melting point. The per-atom
binding energy of neutral Ta,C, is about 7.13 eV, which is quite high, which may contribute to the high melting

point of a-TaC as an ultra-high temperature ceramic material.

/
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