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N SE WS ATk, 856 NBETFHEMILE L (NEVPT2), X TiAl &8 Z RIEM LS ME T
AR TR S MR T TR 58 06 shas Bt AL 3/ e (3s23p!) Ui A Ti iy 4 S0
(3d%4s?) #L B A4 A, 118 3k 41 B F] Karlsruhe group M9 1 43 2 4 ML 7 3£ 4 def2-nZVPP(n = T, Q). £ ik
TiAL (RS MU E SRR B, £ R = 0.200—0.500 nm JEE AN, 3715 T TiAl B MEAR A4
PRSI SE AR M 4 FE N TS AT T AR, R IAE 0.255 nm M 7E7E L T2 S5 19 <5848 fE R >
0.255 nm X I, FEA RPN CR A 40 58 X4A, AT A BT; 76 R < 0.255 nm X5, FEAA5 0 X4A, {H %
KASAE N A" M BYTT, HAFAE S R SR F MG A, LT NEVPT2 B IE 5 M ae ik, 3848 T TiAl B+
- AR | SRATEE | WO RE . BRAT AR AR SRR AE S8, JR MRS T S5 58 L ILIR 3] TiAL FFBRAT 6% Y
JRH . BT AR S HRHE, 7 AT B TiAL & &A= T et @i gt S%.
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F) HA T TS B IR SR AR B RE D,
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IA BT RAFIZA WA | 1 IR 20 050 3 A 2 hg
Dy 53902 0.277 nm, 234.4 cm 1 1.42 eV. MR
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AT IR 55 4% b 58 i 22z AR P i 28 th S
Z it TR R RO STT A T B %A
JFAL, FEE G 8 5 AR Y (CASSCF) 11 2321
Al b g AR W AR 1 2 2 5 A EAE H]
(uncontracted MRCI) J5ik, 58 T X} ZnAl HAI%
JULASHL TSRS BE IR T TR 2L th Tl 4
J& Zn TP d BOE C L i, SO sh s TRl ik
BOFARALE d B, BEILTESAT ScAl BYiH5mT,
ALy d BE A Bl 6], 550 S 8 2 731
T WS R XME(E 7S MRCI 58 ok iR #5173 5L
H B X TiAL A TF5R, a8 2] 28 BLaY ), R
MRCI J5 3047 s 8B TET R, FA el SUn
MECE FATE R RE I Z A . ik, 2210R TR I
451 NI SHAL L (strong contracted N-
electron valence state perturbation theory), HJ
SC-NEVPT?2 (fai#x NEVPT2), X} CAS [Hi15H44
PATEASMBE IR, 015 T BOy AR A FEE
2R, [t BE, R Weigend Al Ahlrichs™
& H 1) Karlsruhe 4= HL T2 2440 L2, )0 def2-
TZVP, def2-TZVPP F def2-QZVPP, ¥JfE5¢ i
BEMh 2 A3, {2 def2-TZVP f3HHRS 15 1A
W, B8 IRk 2 Hr e i 45 R 2 /0 55 A
def2-TZVPP K L) b4

CAS T AYAZ O [R5 Ay 5 T 2l hk 2 1]
7RIS B =T ES S ki e R A [ R D
I 8l 25 ) I A 4 ORI IR et 2 R AR A8 A BT AR
SCHITHER R, B e I A R RN RS R A T
THtfk, Bl A B3LYP/def2-TZVPP {4k 344
R RIS HPEBAZRIE R, FEORFRZAZRIFEA
AT, MP2 J5 2 AT 5 S BB TS X 43
TR AT, A F AR BUE. Bz A AR PUE R
N CAS TR IR BE A A 708 CAS 3153
AR SRR BB 2, A WE B T E% i AL
Ti #Y 10 S L5 B 76 Bl #1801 sh s ), B
CAS (7, 10). TEIZ= (AT, P20 TR AR
VU E S RE S, RIS BE L0 A AL, 1EHF T AR
3AHA ZEE IR RAE A B SRy Faeth 2
AR TEMASE R CAS 35 0y 3eal |
MR NEVPT2 BRI

3 IEER 56
3.1 TiAlWATRERF
P B T 8500 A s 280 ml 2, AL JR T Y L 1

2SR F 840 32 KL3s23p! Al 2P, Ti JiF
M5 H 2 S S B L A O KL3s23p®3d24s? il
a’F,. 15 M7 BRIR P, J 7R 20 il by S A
JRF Coco s BE RN X N X R, P2 Sf + 104,
F, =%, + g+ A+ &y, il 5F + I, M S, + M+
Ay + O 1 T BT HE T X R e KBS A AR BR
Al(*P,)+Ti(°F,), TiAl o] fE #Y M ¥ & A 248+
24V 0(2) + 2AL,(3) +21A,(2) + 240, (2) +24T,, 4t
1 AZEASM L ADNES, HEENRIHE, i
AP EATTE 19 N T HASMUESHR. 2R,
BESEAE MRS AN AR 22 1 FEL T2 10 1 B2 PRI Y
hy e FE e A R AR A TR ST e o B i3

SRHI#EIZ PR BSLYP /def2-TZVP HI B3LYP/
def2-QZVPP X — 5 25 DU & A AT A AR AT T
L T AR E R TR B BN RE, PR R AR
A EE IS — Ay, B TiAL AL N PO E 2, T
e ZHAS. PR A B ) BRSP4 A% 1R R 43 )
4 0.27206 nm A1 0.27136 nm, X4 Ouyang 4§ 21
FH 6-311+G(2d)(Al)4+Lan12DZ(Ti) % 20 19 31 55
fH 0.277 nm FEAS — 2. T 11 A9 T 5 [ 48 70 A
#1T.

3.2 WEHETEIXE

AR 48 3+ (3s23p!), Ti i F A
4B F (3d%4s?), X 7 MY TR I 10 MR
FHUE. HEFRLHTAIH, TE Coow SUFF T, Ti (1 4s,
(3dxz, 3dyz) , (3dg2_y2,3day ), (3d.2) TP Coc
FRER ST, T, A, ST FRR IR AL, R Ti
J 51 4s, 3d BLIE X FRPE VL LN o (4s), n(3d,.,
3dy.),8(3du2 2, 3dsy), o(3d,2) FLIE; AR, ALAY 3s
F1 3p #L38 53 51 % FRAE VT BL A o(3s), 7(3ps, 3py),
o(3p. ) HUIE. HOXFRPEAH ] 19 BI0E 24T 45 A5 3
TiAL (9 FHEE. X 10 M TR T HUE R
1) 10 5 T 3B M o(4) + n(2) + 8, Hirfm, 84351
R ITE.

Pl B3LYP/def2-TZVP fiAb)5 8 TiAl 23 T8
TENAIERPUERN, Xt TiAl EZEPE T CAS (7, 10)
SR 7w o S bSE N N A e SN DO iy |
W AT RS A THE N, WO TR AR PR X ik PR
HEE NUEEMD. ZE£ZHEE R = 0.27206 nm
T, AR TE S A 53 gk 1 .

HER 1 AT I, 35X 10 A1 S A BUE S o N
MO14-MO23. JERFUE BT 23 B BE LT
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# 1 CAS (7,10)/def2-TZVP HE MG IS FHIE (MO14— MO23) R (B, = 2625.5 kJ/mol)

Table 1.  Coefficients of the CAS orbital (MO14-MO23) calculated by CAS (7, 10)/def2-TZVP.
MO No. 14 15 16 17 18 19 20 21 22 23
Energy/Eh -0.4035 -0.1838 0.0029 -0.0159 -0.0159 0.0743 0.0743 0.0439 0.1714 0.1714

Number of occupied electron 1.957 1.772 0.669 0.595 0.595 0.494 0494 0.222  0.099 0.099

Symbol y o o n n o o o n n
Ti S [ 12.1 47.5 7.7 0 0 13.4 0
Ti P, o 7.5 2.6 1.2 0 0 0 0 38.2 0 0
Ti P 0 0 4.9 0 0 0 0 0 0
Ti Py " 0 0 1.8 0 0 0 0 0 0
Ti d,y I3 7 1.7 86.1 0 0 0 0 104 0 0
Ti d;. 0 0 31.4 11.4 0 0 0 34.6 31.2
Ti dy, " 0 0 11.4 31.4 0 0 0 31.2 34.6
Ti daoye 5 0 0 0 0 82.6 17.2 0 0 0
Ti dyy 0 0 0 0 17.2 82.6 0 0 0
Al s o 72.9 7.8 0 0 0 0 0 0 0
Al p. I3 0.5 39.2 0 0 0 0 36.6 0 0
Al Pa 0 0 34.4 12.5 0 0 0 16.7 15.1
Al Py " 0 0 12.5 34.4 0 0 0 15.1 16.7

H7 R B Z /D HES B, AN S He REBILIE (Y RE &
fi%. X 10 Do F PB4 E 2l AL Ti e+
[ 10 A HE % 0L ) S B A B e BRI g
o HARE SRR T, X 10N TRLEEKRIR A
connooddnr, A I E i, B HAK K 45 R
(10)(20)(17)(2m)(30) (40)(18)(26)(3m) (4m). {H 7 %
RIS 1) (1) B (2n) A T IFH0IE , LAY 1 T
HIEEA (16) T (28), (3n)H (4n); 2) TEFRERN L
PR R, AR AR L, X 10 4>
S A BRSOR )T AT e & AR AL, T2 B
FAZIAE T 73 HE R HE T

T FHATE R = 0.27206 nm | CAS (7, 10)
A% PREUVE R TiAL 3625 Kk S S ae & 41T
BRI, HEATAREMZ TR, FH X
BWEN R = 0.2000.500 nm. H et 544 B
Wi, B SA-CAS (7, 10) B3, vt
filt b EAT SRR - N L T AR (SC-NEVPT?2)
() BN AHC B IETH ARG -2 S5 S A
YER B IE 5. (5 MRCI & 1E 1155 1 2 heth 2
FEAE W kA I 42, X LAY 45 1 SC-NEVPT2
BIETHAE 2

3.3 TiAl B R &RMITE

3.3.1 st#Aedg & a9 CASSCF 43+ 5
KL WA, M RIFEFEA N def2-TZVP, def2-

TZVPP, def2-QZVPP T 5 T X TiAl Ik 6 4%
DU A SRR 2 A3 CASSCF Hfiit5:, |
SA-CAS (7, 10) 3155, 455K E 1 Fos, 258014
Z5F.

1) Bl TR R AR R, SRR & i
7E def2-TZVP FE4 T, HZ7E R = 0.37 nm [fiT
BB AN TE AR 3R U RO R T
. (LK F] def2-TZVPP KLU, MBI
FE T BRI 2 THEELR . Karlsruhe group #EAE [
XEFAAEH E A AN & TS L R
JRTF TR R, 1 H def2-QZVPP %45 i i
KW RE R T BE. AT, 224 def2-TZVP,
def2-TZVPP, def2-QZVPP Jif FH il 4 )5 10 3k 25
BOECH 43590k 82, 106, 163. A T 15 A XF Al 5E 1
AR, R R EIR A def2-TZVPP HE4 5k
R def2-QZVPP K4 .

2) FAERNLEAE R = 0.255 nm BT 47 75 BEAZ.
FE def2-TZVP FE4 N X APk AR 1 A B o, Bl 25 2%
MK, XFERASAT TCETE bR, M EETE A% I R
ACAEAE FLFHIE B A, o T T Sl A BE
TCHTE H o R R R A [ B A AR A A T A,
A3k — 3 T

3) TiAl S fIkHy 3 A PUE Ay —E# I,
TR 6 ZAREM LY RIN A 2 KL EA W
FRAE, BRI —H AT I AR, i 0 0 T S N
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IL A, %5 AL S A, BR80T
21 35 B AR AR LA 53 #T

4) 6 FHAaeihZta T n— kbR, R R=
0.500 nm b FHABEMEIFRTELEH A, (HAERE 22T
4270 cm ! (def2-TZVP), 220 cm ! (def2-TZVPP),
200 cm! (def2-QZVPP).

5) TiAl F M) =~ DU B2 -F- 2 a2
HBR T HESL, F35b 2 MR SRR N LA
def2-QZVPP THHE M EERHIT 8T, =R

def2-TZVP (a)
| \ R=0.2—0.5 nm
—1090.24 Step: 0.005 nm
[
0
i)
!
= —1090.26 0.265 nm
~
0
L
a0
=
£ 1090.28
a8 - .
—1090.30
0.21 0.27 0.33 0.39 0.45
R/nm
_1090.21 || def2-TZVPP (b)
R=0.2—0.5 nm
Step: 0.005 nm
o —1090.23 |
0
-
i
<
T —1090.25 |
~
wn
2
2 _1090.27
[=]
m
—1090.29
—1090.31 & R i | L L L L
0.21 0.27 0.33 0.39 0.45
R/nm
—1090.23 || def2-QZVPP (c)
R=0.2—0.5 nm
Step: 0.002 nm
—1090.25
[
0
-
g
& —1090.27 |
>~ 0.286 nm
n
2
9 —1090.29 +
15)
<}
m
—1090.31
—1090.33 | | | et

Bl 1 SA-CAS (7, 10) X} TiAl i {% 6 5% i1 T & 3 fi th 26
B4 E S, I R R SR A 4 2 (a) def2-TZVP;
(b) def2-TZVPP, (c) def2-QZVPP
Fig. 1. The lowest 6 potential energy curves of TiAl calcu-
lated by SA-CAS (7, 10) with basis set of (a) def2-TZVP;
(b) def2-TZVPP; (c) def2-QZVPP.

AEA3 R 21 3000, 700, 600 cm L. BERS i HEL R
FH i 11 2% T A TR LA

6) LA B F i 2 (R BE 4K F DEFT fifb 4
FYZESRL. AiTARE L % 2 8 BSLYP /def2-QZVPP
XF A A AL A6 75 P A% 18] 24 0.271 nm, 17
SA-CAS (7, 10)/def2-TZVPP Hl SA-CAS (7, 10)/
def2-QZVPP #aeth &R 4 1 R, 43900
0.285 nm F 0.286 nm.

3.3.2 FHAPERLASE LR F L EHK
ST

AT AT 1 R ABEINZAE R = 0.255 nm [ff
VLY “RAE” ) T LA 1(b) ' def2-TZVPP 340
THIAZER ], I SA-CAS (7, 10) T84 1
SO AR 10 ANTE SR PUBTEAS A REE T
HYBILIE RE 701 U LA RS e R HL 7 o TR
ghEINE 2 FE 3 k.

0.3 140

0.2}

16 26
30

0.1}

[ 0.215 nm

0.300 nm

1n 27w M
—0.2} r 26

Orbital energies/Hartree

0.255 nm

1o

0.18 0.24 0.30 0.36 0.42 0.48 0.54
R/nm
Bl 2 i) SEEE Bt BE R 18] BE (9 A2 Ak
Fig. 2. Variation of CAS orbital energy with nuclear dis-

tance.

0 | 4 bbbk - N - N 4o
SnM 30
30
B,y 16 20
0.5 F 3 4dn
1526 27
In

0.300 nm

1.0} 0.215 nm
20
1n2n
1.5}
‘L‘\\\\tﬁ
0.255 nm 2%
| 1o

0.18 0.24 0.30 0.36 0.42 0.48 0.54
R/nm

Number of occupied electrons

3 IS SEE b O A BE Y AR A
Fig. 3. Variation of occupied electrons in the CAS orbital

with nuclear distance.
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o & 2 LA 3 RS AT LR, £ R =
0.255 nm i), Pl RE LA K BGE FAYHE 75 JE
Bh kA “RIE AR,

1) £ R = 0.200-—0.255 nm Z [f]: & T &
FEIR BYHLIE (16) A1 (1) (20) 76 R = 0.215 nm Ab i
AL, HARPUIE R TR A, BT
P JE B 2 TR BE G N AR K, InAE R =
0.210 nm Al R = 0.240 nm &b /Y B F o J5 5043
AR
R =0.210 nm, (16)"%* (1n)"** (2r) " ** (26) " ?% (18)*°

(28)0.50 (36)0'14(37[)0'10 (471:)0.10 (46)0.02;

R =0.240 nm, (10)1.93(20)1.23(1n)1.18(271:)1.18(16)0.50
(26)0'50(30)0'14(37{,)0'15(47‘[)0'15(46)0'02.
FEAE AT A B, H - o TR AU AL A E RE G 1L

FE R AAEHGE (1n)(2n) F1 (3n)(4n) Z[H]. (1m)(2m)

791 R A (] BE 1S R AE LR MRS N, T (3m) (4m) B

OB AELAERRAL; BB (1n) (2n) LAY T b RO

1.24 3/ 1.18, A (3n) (4n) b A LT 200

0.10 &k 0.15. % & H] (1) (2m) 55 4 1 If- 9L,

TR o 3 A AT TR A B ASOR
R =0.210 nm, (6)"**(m)*° ()3 (5)" , I LK

(6)°(m)*(0)' (3)" ;

R =0.240 nm, (6)"**(6)"# (0)>* (5)" , MR
(0)*(0)' (m)*(3)" .

AL, X AR ET S 24 o i 55
LA™ m BB R REZR TR .

Sk T T B ML T AR AL L A ]
A4k, BBl SE “HEIR” A5 R = 0.255 nm A 5 £ BT
4 ANERIE A B R = 0.200, 0.240, 0.280, 0.490 nm,
5 SRR RO X 4 AN AR X T2 n fLiE
fh) E BRI R R, g 2 BT A, SR B S A
Pr—HE, XA o PiE L 2 i Ti(3d,., 3dy.)

Al(3py, 3p, ) 4 . (B R & R RN BE A 22 4k, JR e
JIT i e % A B R AR Ak, AN (1) (2m) B3, 7E R =
0.200 1 0.240 nm &b, Ti(3d.., 3d,.) A9 A7 LI ALK
Al(3p., 3p,) [ 2 £, 1 H TGS (1n) (2m) )2 (3m) (4n)
B A7 FE LA Ti(3d,, 3d,,.) R .

2) 7 R = 0.255—0.500 nm Z [i]: fy & 2 7]
W, BB REHIR T A 24058 X, B 56 )2 0.255 nm
AR HY (3m) (4m) 55 (18)(28) 38 X, SR 5 /& 0.300 nm [
VLAY (3m) (4m) 739045 (1) (2m) BT (30) 28 L. MIET 3 1Y
WL 5 T, (20) B0E 5 A SN, B
e e, X . T (1) (2n) BB T 5 JEERE R =
0.255 nm Fij J5 &4 T 28284k, B i UL
WE . FE, (3r)(4n) 5 (1) 2n) ML, B 7 i
JEEL RGN, A Y THUE (1) (2n) L HFA —
NFEF F Bn)(4n) BB b B, EIR A B
(1m)(2n), (3m)(4m), (18)(28) b HE ¥ 5 Jm B 2= R
Ag/N, kAL T R 0.5, AT UL LA, T
HIH R = 0.280 nm # R = 0.490 nm AL 1)35 33
S FHEE T LT b R oA

R =0.280 nm, (10)1.95(20)1.68(17[)0.69 (27_[)0.66 (30)0.32

(31‘5)0'41 (47‘5)0'39(15)0'44(2(1)0'44 (46)0'02;
R =0.490 nm, (10)"**(20)"" (3m) "** (4m)*** (1m)**

(27‘:)0'56(36)0'10(18)0'41 (28)0.41 (40)0.04.

[RE, 25 R3] (1n)(2n) 55 R R PLE,
FL - o S oA ] Ak ek S AR
R=0.280 nm, (0)1.95 (0)1.68 (7‘5)1'35 (6)0'32 (n)O.SO(S)O.S’S
ERH (0)°(0)*(m)' (m)' (8

R=0.490 nm, (0)1.92 (6)1.90 (n)l.o(n)1.18(16)0482 ’
A (0)°(0)* () (1) (3)" .

SYHT R = 0.490 nm Ab (1436 ShELBTE ALK, W
% 3, Kb gi s 1423 IilishI /T, %5
%ﬁ%ﬁ?ﬁﬁiﬁﬂﬂ%% (3SA1)1‘92 (4ST1)1'90 (3dTi)0'62

#2 WA o PUBERZINMT

Table 2.  Composition analysis of two 7 orbits.

Orbital R = 0.200 nm R = 0.240 nm R = 0.280 nm R = 0.490 nm
Ti(3pz, 3py) 7% Ti(3pz, 3py) 7% Ti(3pz, 3py)3%

(1m)(2m) Ti(3dz 2, 3dy~)60% Ti(3dz2,3dy2)57% Ti(3dz2, 3dy2)73% Ti(3dgz, 3dy-)100%
Al(3pz, 3py)28% Al(3pz, 3py)32% Al(3pz, 3py)21%
Ti(3dyz, 3dy=)52% Ti(3dzz, 3dy2)52% Ti(3ps, 3py)12%

(3m) (4m) Al(3p,, 3py)36% Al(3pz, 3py )40% Ti(3de2, 3dy2)34% Al(3pz, 3py)99%

Al(3pz, 3py)52%
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#3 R =0.490 nm 47537 MO14-MO23 4L
Table 3.  Composition of CAS orbitals MO14-MO23 at R = 0.490 nm.

Orbital No 12 13 14 15 16 17
Energy /Hartree -1.79778 -1.7976 —0.37486 -0.21513 0.02001 0.03822
Occupied electron 2.00000 2.0000 1.91976 1.89900 0.62463 0.55980
Tis 0 0 2.8 94.5 0 0
Tip, 0 99.8 0.5 0 0 0
Ti p, 55.7 0.1 0 0 0 0
Tip, 44.3 0 0 0 0 0
Tid,, 0 0 0 0 55.8 43.6
Tid,, 0 0 0 0 44.1 55.2
Als 0 0 95.8 2.8 0 0
Orbital No 18 19 20 21 22 23
Energy /Hartree -0.00791 -0.00682 0.0885 0.08979 0.05651 0.1227
Occupied electron 0.51786 0.51750 0.41058 0.40645 0.10159 0.04283
Ti p, 0 0 0 0.0 91.4 5.3
Ti dyppp 0 0 14 98.6 0 0
Ti d, 0 0 98.4 14 0 0
Alp, 0 0 0 0 7 92.7
Al p, 55.3 43.3 0 0 0 0
Al p, 43.7 54.8 0 0 0 0

(3d7y)™% (3pa1)*™2 (3pa1)®2 (3dpy) 4 (3dpy) "4,

il BIATT, B HoARIC o AL X T58 MR B A R

(3541) " (3pa)™%, (457" (3dy) >0, FALN (35)?
(3pa)’s (4smi)? (3dyy)?, AIOL, BEE TiALJEA Iy i
RS E R XA A AT S TR TiAL F IR
BRI

2 R, RAETE R = 0.255 nm FfF T i)«
G, AT RBUAZE T SRR R AR, /)
H (0)°(m)°(0)' (3)' BEE N (0)°(0)*(m)' (m)' (8)",
1M R = 0.255 nm M1 I BESZ AR, T X g
ST TR
3.3.3 wTAMMRR

H & 1(b) FIE] 1(c) AAaehZnTig ), 78
AF7 R = 0.255 nm [ J5 B F A, o~
I, DL def2-TZVPP H2H T i385 51 i, BIA
Bl 1(b) Bros iy 5 0 S v o P2 EUH R =
0.240 nm A1 R = 0.285 nm I 8% H, - 25 A AHH 10 Y
A DL S LA ) S BRI A A AR, 45 R0
2 4 s,

1) R = 0.285 nm

3 TALAS 620?n?8! n® AT LAMER. AT BE A4 I
HAHAE A, BA, RIZEES R XA, ST —#
EBHAL *?n?8°n!, nIHERPUEASHE R A —1,

oo’n!s'n!, AIREMYDUEE A PUAS, B, 1A(2), °T,
ZEFHaE A O RINZS N ZEREIFS, %
18 Hund 20, ‘T (9 RE & ROZ AR, BO8 A S
BHZ AT 2%, HAEZ XAA 340 BT A SR
TR, XA A2 4 BRI 0 TR
SEIL B HARPUA B AT, I 445 T SA-CAS (7,
10) T F BRI

2) R = 0.240 nm

EERHEFAHSM R = 0.285 nm B —FE, K
B XA, XFFRIIF S — kA, HEEAS
Hotoln’s', AIREMIDUE S HA 24, BT, 0. 4%
M8 Hund &N, 4@ #RE T NIZIRAR, HOZMA ST
M A 25, HIER XAA B4 250 BT 75 A BT
P, X AAFE R 4 PIZBGT AR 0 iR
GEHL B HARR Y AMD. X TR RIS IR A,
BEARFREMABA Y ES, HEiT 2814
DR —HRSN—FE, B0 o?c'n’s' A, ATRERY Y
FEAWHEAER IO, HILA XA Bl e ERE
AR AR 0, K HoAR U BUILL [R] i 2 3,
FA XA ) AMD i BT Y BR AT 8 B a2/ T
XA B AT AYMH.
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Table 4.  Configuration and transition dipole moment of the ground state and the lowest excited state.
. ) . Excitati T ition dipol Possibl tet .
R/nm state Main configuration xerta 10n1 ransttion Gipo e.) ossib'e quarte Idetified state
energy/cm moment 7?/Debye? state
Ground state c%6?n?8'n0 0 A X4A
0.285 1% excited state c262n28%x! 3212 0.034 Rl ATI
284 excited state o*c’n!d!n! 3462 0 13, 1A(2), T BT
Ground state o2o?n?s! 0 A XA
1% excited state o’c'n38! 4140 0.00824 41, 4 AMD
0.240
2 excited state o*olm’s! 4727 0.00869 1, 9 BMII
3" excited state c?olm?s! 5074 0.00551 I, 1P BMII
—1090.26 12000
0.255 nm
10000
§ 0.32%0.34 0.36
g ~1090.28 + . 0.285 nm TE 8000 | ' ’ )
S8 g
2 £ 6000
o0 o
5 ! & 4000}
—1090.30 1 CAS(7, 10)+SC-NEVPT2
def2-QZVPP
0.240 nm 2000 o2-Q
0.23 0.25 0.27 0.29 0.31 0

R/nm

B 4 TiAl AP E B T2 AR (SA-CAS 25 4L)
Fig. 4. Identification of the lowest quadruple -electronic
state of TiAl (SA-CAS calculation results).

3.34 HEMMEMSEITH

SEF L CAS THE KA MR, v
TiAl 5 K A9 = 4> DU 5 2 B 8 b 18 Ok, IR 7E
CAS(7, 10) TH5H M JERE I, #5477 SC-NEVPT2
FIAMFBIETTR, B 5 41 T 1F Karlsruhe $#244
1 f K L2 def2-QZVPP T Byt 45 5. K5 fd
R, BOLSHRRML N i/ IMENBER S 5,
REAARX g it FH IR

SC-NEVPT2 & IE J5 19 #h £ 5 SA-CAS (7,
10) THARALL, A LAR 4 ASARTH.

1) #EZH B S XA 6T A S
ATI A BT MH, CAS IR R/R AR M R =
0.255 nm 75, Bl R = 0.26—0.50 nm 2 [a] 1 B
W, M SC-NEVPT2 B 1EJ5, TEiZ A HiJ5 BIFETE
W/ IMEL, B BUSCA B, PR 38 BIF 2 [R] 14 442 15 R
ZJ°h 2700 cm .

2) F 5 A% 18] B OB & 45 /N . CAS T B M
NEVPT2 & 1E 5 45 H A X1A 1Y~ 4% ] #E
43514 0.288 nm F1 0.266 nm, B NEVPT2 & iF

0.21 0.27 0.33 0.39 0.45 0.51
R/nm

Kl 5 TiAl T & HAEEM ) SC-NEVPT2 gy 45 4 56 &

T

Fig. 5. Dynamic correlation correction calculation of SC-

NEVPT?2 for TiAl electronic potential energy curve.

JE R R BRI RN 1. O S IEZRAL, anse
S IT HBE, ALY R, B 0.320 nm (CAS)
/A 0.296 nm (NEVPT2), BT 25 A4 AH I 45 1k
4 0.324 nm (CAS) #10.306 nm (NEVPT2).

3) WAGHEN K. LI R = 0.500 nm AbAYRE R
HS M, XA R4 REH 3016 cm ! (CAS)
B KN 8151 em ! (NEVPT2). ## & & AT AN
BT A5 BHER EE AR 3G I, B WL 5.

4) 7 R < 0.255 nm X5, A"® Fl BT &/
AT I AR A 1) TR AT I X P RE R F A% (H] BE A 4
/N, BT RS L UE RS A LUNSR A5 1A
I THER.

3.4 LI EMMNAZ TiAl SiERRFRE

NS 5 i (0 3R I 2k ok Bz i FL LI L,
B2 T AR — 5 5 Ok e A A 4 5255 |
A RE S WL 2 TIAL YOGS . TiAl S XA 1Y
A% B A R, = 0.266 nm (% & NEVPT2 &
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# 5 TiAlE(R 3 MIUEIZEE S H

Table 5. Structural parameters of the lowest three quadruple states of TiAl.
R,/nm D,/em!
State
CAS NEVPT2 CAS NEVPT2
X1A 0.288 0.266 3016 8151
0.248 3845
AT 0.320 796
0.296 3406
.24 2884
BT 0.324 0.248 711 88
0.306 3406

1E), ME5FIAY “AE” S AE 0.255 nm FHIT, 354 ¢
T R.. BT TiAL 3638 BGERAE il BEAE AR AR
o E W R RN, AR, B XA 53R R
A AMI 0T i 2% R) BE 25 B A B AR, B S K
0.266 nm F1 0.296 nm, A1 Franck-Conden [A -+
WL I /DN, X BB IR R e e T S AR
F) TiAL fGEE. [T R 2 A SR AR BE 7B (UK
it NEVPT2 & IE J5 T3 4520 ), in sk 5 ir s,
TiAl JESMREERE D, {h 8151 cm ! (£ 1.01 eV).
TiAl LA X4A (R, = 0.266 nm) B LR A S
AT A ELOR e A4S ARUR RE 437714 6001 cm!
(0.74 eV) F1 4908 cm ! (0.61 eV), MM AT o 4k
AEAV A 3406 cm ! (0.42 eV). A1 TiAl #% I 54
RPN AL, a0 3 Re AR 2 Z) 15 sk
& AL ATRFBE, NIM 32 TiAL B . TiAl T
S5R X —RRIRIE T, B O3 TiAl & 4%
B MErE RS %

4 % b

S CASSCF4+NEVPT2 J7ik, 16 CAS (7, 10)
2 RS T TiAl B8 S IR & S 6
M2 8. XSS R, B 5g 4k
TrpPEJE - Ti+AL 12 i B . AR i 2 2
fiE  BRATAR AR R /N B, Rk J LA L 7283k AT
THRR, SRS NIAZL, A R = 0.255 nm
BRI T REAFAE— L A5 I <5248 i, T HL
FAE T BB AR SR e A R AR, 0%
SUTE PR B AR, 76 R > 0.255 nm Xk, 45
AP A S 53 08 XA, AT # BT 78 R <
0.255 nm X3k, =ANHFAER XA, A" Fl BUI,
HAAEROR SR APR B S, 0% 257
ZIABE | Bk e . RATRESERRIE S B0 40 A, A5
SEES ERIANE] TiAl B FBREEIE AT AE 5 Ik &

ZER AR R K, H T Franck-Conden
TN RSB RK, Y S 33 TiAl 9%
KGR T KA.
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AD initio calculation of electronic state structure of TiAl"

Zhang Shu-Dong! Wang Chuan-Hang  Tang Wei  Sun Yang
Sun Ning-Ze  Sun Zhao-Yu  Xu Hui

(School of Physics and Physical Engineering, Qufu Normal University, Qufu 273165, China)
( Received 5 September 2019; revised manuscript received 23 October 2019 )

Abstract

The potential energy curves (PECs) of the low-lying electronic states of TiAl are calculated with the
complete active space self-consistent field (CASSCF) method combined with the N-electron valence
perturbation theory (NEVPT2) approximation. The complete active space is mainly composed of the (3s23p!)
valence orbital of Al and (3d?4s?) valence orbital of Ti. Moreover, the valence splitting all-electron basis set
def2-nZVPP (n = T, Q) proposed by Karlsruhe group is used in the calculation. On the basis of confirming that
the ground state of TiAl is a quadruple state, the PECs of the ground state and the lowest two excited states of
TiAl are obtained in a range of nuclear distance R of 0.200-0.500 nm, and the electronic states are identified. It
is found that there is a “break” of the electronic structure near R = 0.255 nm. In the R > 0.255 nm region, the
ground state and the two excited states are X*A, Al and B'TI" respectively; in the R < 0.255 nm region, the
ground state is still X*A, but the two excited states become A"“® and B“II, and the degeneracy of the excited
state tends to be eliminated. Based on the PECs of TiAl obtained by the dynamic correlation correction with
NEVPT2, the characteristic parameters of three low-lying quadruple electronic states (such as equilibrium
nuclear distance, binding energy, adiabatic excitation energy) and transition dipole moment, are obtained, and
these parameters are used to explain the reason why the electronic transition spectrum of TiAl is not observed
experimentally. The characteristic of “break” in the electronic state structure also provides a meaningful

reference for analyzing and understanding the brittleness of TiAl alloy at room temperature.

Keywords: TiAl, excited state, potential energy curve, complet active space self-consistent field, N electronic

valence perturbation theory approximation
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