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Multireference many-body perturbative scheni@&—CASCI andHf“’), which are applicable to

the direct calculation of excitation energies, ionization potentials, and spectroscopic properties, are
presented and applied to compute the transition energies, ionization potentials, and spectroscopic
constants of TiN and VN. Highly satisfactory results are obtained for the excitation energies, triple
bond dissociation energy, dipole moments, oscillator strengths, and vibrational frequencies. The
ground and excited properties of interest are also computed using Hartree—Fock and two-component
Dirac—Hartree—Fock molecular orbitals to assess the importance of relativistic effects. We also
report the ionization potentials of TiNand VN' which are by-products of this method with “no
extra” computational cost and which have not been studied previousI20@3 American Institute

of Physics. [DOI: 10.1063/1.1600432

I. INTRODUCTION cost compared to all-electron calculations. The two widely
Th dv of physical and chemical , .used classes of ECP schemes are the pseudopotential and
€ study of physical an } chemical processes in atomi, e potential methods. The pseudopotential method is de-
_and molecular systems containing heavy elemgnts Is of 9e3ed from the Phillips—Kleinmar(PK) equations, where
importance both experimentally and theoretically. ASIOIethe valence orbitals are replaced by a set of nodeless pseudo-

from their obvious relevance to understanding the chemistr)é . . ;
o . rbitals. The valence orbitals of the pseudopotential scheme
of compounds containing heavy atoms, these studies can pro-

vide a quantitative estimate of relativistic contributions, ki—are designed to behave correctly only in the outer region.

nematic effects, and a probe for physics that departs from thgecause theb initio model potentialAIMP) method de-

predictions of thestandard modelThe twin facts that heavy scribes the correct behavior for the inner nodal structure of

atom compounds contain many electrons and that the behame orbitals and because the relativistic operators act in the
ior of these electrons must be treated relativistically intro-€ar vicinity of the nucleus, the AIMP orbitals emerge as

duce severe impediments to accurate theoretical treatmerlt&®’® suitable than the pseudopotential orbitals.
Recently, Motegiet al. have proposed a somewhat less

(i.e., to the inclusion of sufficient electron correlatioof ) o 3 )
polyatomic systems containing heavy atoms. Rigorous rela@PProximate relativistic scheni®RESQ* for generating rela-

tivistic electronic structure methods begin by foregoing thellVistic spinors. The RESC method proceeds by eliminating
Schrainger equation in favor of the Dirac equation, result- the small component port|o_n of the re_:latlwstlc Ham|lto_n|an
ing in the replacement of nonrelativistic orbitals with four rom the four-component Dirac equation through a suitable
component relativistic spinors. The concomitant size of thdransformation. The RESC scheme is variationally stable and
matrices to be manipulated and the number of two-electro@voids the Coulomb singularity. Moreover, the formalism
integrals to be evaluated in the four component Dirac equac@n be incorporated directly into any nonrelativistic elec-
tion have forced the introduction of various approximatetronic structure method since the implementation of the spin-
method to describe the electronic structure of polyatomicéree RESC Hamiltonian irab initio programs merely re-
containing heavy atoms by either restricting the number ofjuires only minor modification of the one-electron integrals.
electrons to be treated explicitly or by converting the relativ-We compute and compare to prior nonrelativistic calcula-
istic problem into a combination of a nonrelativistic many tions the transition energies, oscillator strengths, and relevant
electron problem, a perturbative treatment of the relativisticspectroscopic constants of TiN and VN as obtained from
corrections, and/or both. separate calculations with nonrelativistic and with RESC

The most widely used approximate relativistic schememolecular orbitals to estimate the magnitudes of the relativ-
for describing heavy atom systems is tfective core po- istic corrections. The Ti and V atoms are chosen as simple
tential (ECP method, where the core electrons are repreiest cases because these atoms are not too heavy and, instead,
sented by suitable functions and where only the valence eledie on the border line where relativistic effects just begin to
trons are treated explicitly. Since the core changesontribute. In addition, the TiN and VN systems provide an
insignificantly with the chemical environment, the ECP application involving the nontrivial problem of describing
scheme provides quite good results at reduced computationtile correct dissociation for a triple bond.
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We employ the highly correlated effective valence shellseparated VAF) and N(¢*S) atoms is similar to that of TiN
Hamiltonian (") method through third order along with our except that the additional electron goes into a ¥(B or-
recently developed, more approximate IVO-CASCI ap-pital.
proach to generate the ground and excited potential energy Section Il briefly reviews the RESC method, some es-
curves and to compare the transition energies and spectrgential features of théi’ method, and the procedure for
scopic constants with experiment and with other nonrelativgenerating the improved virtual orbita{$/Os). Computa-
istic correlated treatments. Besides providing the first corretional details and results follow in the subsequent section. To
lated molecular application of the RESC Hamiltonian, weour knowledge, no prior computations are available for os-
present computations for oscillator strengths and for severajillator strengths and for the electronic structures of TiN
excited and ion states not previously treated. The study of thend VN'. Since correlated calculations for the low lying ion
electronic structure of transition metal atoms and their comstates emerge as simple by-products ofiecomputations
pounds is nontrivial because the ground and the excitegbr the neutral molecule and since TiNand VN' are likely
states of these systems are highly open-shell in nature arghndidate to exist in stellar atmospheres, we include a de-
because a large number of electrons must be correlated ription of the electronic structure of low lying TiNand
describe the ground and exited electronic states accuratelyN™* electronic states.

Moreover, the excited state spectrum of these systems gen-

erally contains states of qualitatively different spatial charac-

ter, such as Rydberg and valence states and ionic and Covg- THEORY

lent states, thereby, introducing additional complexity in

computations for the electronic states of these systems. A& 1he RESC method

mentioned above, transition metal elements in the first series Because the details of the RESC scheme are available
are border line elements where relativistic effect may beelsewhere, we only outline the essential content of the
small but non-negligible. They also contain few enough elecmethod here. The RESC Hamiltonian can be decomposed

trons to enable treatment with correlated initio all-  into spin-free(sf) and spin-dependerisd) components as
electron methods. Thus, these systems provide a useful first _pst s 21
test for the use of relativistic methods to improve the de- rResc Mresc™ Hresc: 2D

scription of their electronic states and their compounds. Thevhere
treatment of compounds containing second row transition

) : : _ ) .
metal elements and lanthanides is more comphcate_d_bgcause HSRESC_Z Tj+0;Q;p; .V(i)p;Q;O;
of the presence of more electrons and larger relativistic ef- ]
fects.

U2 iyvAL2A—1
The ground state of TiN h&® " symmetry and consists +2meQQIV() Qo) 22
of a triple bond and one unpaired electron occupying a and
orbital located primarily on Ti. Combining the electronic
states of the atoms and a population analysis leads to the HSRdEscziZ onjg_(pjv(j)xijjoJfl, (2.3
suggestion that the adiabatic formation of the TiN ground J
state proceeds via in which o represents the 22 Pauli matrix andp; is the
momentum operator. The operat@s, Q;, andT; are given
TiCCF) + N(*S) = TiIN(ZS ). by
1 [ p]_ZCZ }1/2 (2 4)
0= 1+ , .
As the Ti atom approaches the nitrogen atom, the atdmic : Ei+m02 (Ej+mc2)2
state of Ti splits into states & ~, II, A, and® symmetry, 1
and the~ state component of the polarized metal atom  Qi=g @ (2.9
combines with the ground state of N to form the TiRE(") :
ground state. A triple bond is formed from three singlet — T;=pfc’+m?c*—mc?, (2.6)

coupled electron pairs, leaving one of the high-spin N elec- d
trons unpaired. Thus, the three bonding orbitals and the sirf"
gly occupied nonbonding orbital of TiN are formed from the Ei=p; c2+ m2c. (2.7
union of five electrons from the high-spin nitrogen atom

ground state and two electrons from the Ti atom with its

remaining singlet coupledsdelectron pair. This transforma- h d by Buenk 14 Th
tion between the asymptotic atomic states and the moleculzﬂI t € ggggnfmﬂzsfug?es?e ‘ y lljen et ‘I"" e
ground state is quite nontrivial because the interaction pedtomic - amiltonian fon valence electron Is

tween the Ti and N atoms must excite a metalefectron to ~ WNtten as
the metal 4, orbital and transfer electron density to the n 1
. . . . . RESC-AIMP. H
nitrogen 2, orbital in order to reduce the Pauli repulsion H =_Z h(l)+2 o (2.9
between the Ti 42 and nitrogen D, orbitals. The formation =1 =
of the triple bond in the VN Y{A) ground state from the where

In the RESC scheme, the Hamiltonian elements are evalu-
ated in the space spanned by the eigenfunctiop?dsquare
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h(i)=T;+0,Q;p; .V(j)ijjojfl in which h.c. designates the Hermitian conjugate of the pre-
T _ _ ceding terms in square brackets ah‘a@l is the zeroth order
+2mcQQ{AV())Q?0; '+ U(i)+P(i). (2.9  energy(see below of the P-space state. Here, the operators
2 3 .
Here, the first and second terms of ER.9) are taken from V& andV{ are defined as
gﬂse H‘E‘{ESC operator. The composite operatd(i) is defined ng): PVQ(ES—QHOQ)ﬂVP, (2.16

VE=PVQI(Ef~QHoQ) *VQ(E§—QH,Q)
—(Ef—QHoQ) 2P]VP. (2.17
whereVeo(i) andVe(i) represent the Coulomb and ex- anart from the referenceR) space, the only variability in all

change interactions between the valence ang core elec-  \1o_MBPT methods lies in the choice of orbitals, orbital

trons. In this formalism, the nodal structures of the Valenceenergies, and the definition of the zeroth order Hamiltonian

or@tal; are rgallzed through the projection operefPQr), H, since the perturbation approximation is completely deter-
which is obtained from the core—valence orthogonality con{inaq by these choices. Generally, the zeroth order Hamil-

dition and is expressed as tonian is prescribed as a sum of one-electron operators,
core

Zcore

U (1) =Veouli) +Vexer )+ ——,

(2.10

P()== 2 2edge)(ddl @ Hy)=3 [gdeddd+ S |4)
where ¢. and €. denote the core orbitals and core orbital
energies, respectively. The derivations and computational Xeu<¢v|+2 |be) €e{ Pel s (2.18
e

techniques are provided in more detail by Nakajietal>

in terms of the cored), valence ), and excited €) orbit-

als and their corresponding orbital energies. At this point, we
B. The H” method emphasize that unlike traditional MR—MBPT, tHé method
and its first order approximation based on tRelP term,
called the IVO—-CASCI method, useultiple Fock operators
to define the valence orbitals* In this scheme, all the va-
lence orbitals and orbital energies are obtained figh 1)
potentials and, therefore, are on an equal footing as opposed
H=Hy+V, (2.12 to the unbalanced use of a mixture of HF occupied and vir-

. tual orbitals for the valence space. Moreover, in this method
where H, is constructed as the sum of one-electron FOCI&he seroth order Hamiltoni is defined as
a-“O

operators described below. The full many-electron Hilbert
space is then partitioned into an actifaso called valenge
space with projectoP and its orthogonal complement with Ho(i)=2 |do) e bl + 2 )

projectorQ=1—P. The active space spans the space of all ¢ ’

distinct configuration state functions involving a filled core _

and the remaining electrons distributed among the valence X5v<¢’u|+§ | pe) €l el (2.19
orbitals in all possible manners to ensure what is termed

“completeness” of the active space. Hence, the orthogonalo improve the perturbative convergertée!® The average
complemeniQ space contains all N-electron basis functionsvalence orbital energy, is obtained from the original set of
with at least one vacancy in a core orbital and/or at least ongalence orbital energies by the democratic averaging,
electron in an excited orbital. Thus, we classify the orbitals N

as either “core,” “valence,” or “excited,” where the doubly —
filled orbitals in P space are denoted as core, the partially “TN

filled orbitals of P space are valence, and the orbitals that are . .
unoccupied in all activeP-space functions are the excited With N, the number of valence orbitals spanning the com-

orbitals. With the aid of the projector® and Q, the H® plete activeP space(CAS). Prior applications of the IVO—
method transforms the full Schiimger equatior:? CASCI method demonstrate that it produces comparable ac-
' curacy to CASSCF treatments with the same choice of

As in conventional many-body perturbation theory, the
H’ method begins with the decomposition of the exact
HamiltonianH into the zeroth order Hamiltoniad, and the
perturbationV,

v
i €i

, (2.20

v

HWY=EW;, (2.13  valence spacéof course, using different valence orbitetsit
into the P-space “effective valence shell” Schiimger equa- with considerably reduced computer time since no iterations
tion, are necessary beyond an initial ordinary SCF calculdtidf.
Since the IVOs play a key role in our scherfraen-
HYW=EWy, (2.19  tioned above we briefly outline their generation. More de-
where the effective operatét® through third order is given tailed discussion is presented elsewh€r€. In the IVO-
by CASCI procedure, the HF MOgboth occupied and

unoccupiedl are first determined by diagonalizing the refer-
HY=PHP+ }[V@+V3+h.c], (2.19  ence state Fock matri¥&,, ,
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TABLE I. IVO—-CASCI andHj 4 vertical excitation energien eV) and the ground and excited states dipole
momentsw) and oscillator strengths () of TiN with the[ 90100110184 7]* CAS. In this and all subsequent
tables, the heading HF indicates the use of nonrelativistic orbift® top entry for each state is obtained from
the TZV basis, and the bottom is from Watcher’s basis.

IVO—CASCI HS.q
Properties State HF RESC HF RESC Experiment
Energy X235 0.0 0.0 0.0 0.0 0.0
B 211 1.975 2.039 2.013 2.014 2.013
2.046 2.107 1.962 1.986
u (Debye X253+ 3.026 3.090 3.534 3.544 356
2.898 2.972 3.521 3.479
B 211 3.760 3.756 3.760 3.756 26
3.584 3.590 3.590 3.584
f(X—B) 0.250 0.257 0.251 0.255
0.268 0.263 0.250 0.248
aReference 24.
PReference 25.
occ Then, the coefficients ,, in Eq. (2.22 can be determined
1F,m:(¢,|h+k2 (23— K| dm) = Simer (2.2)  directly from the matrix eigenvalue equatidd’C=CT,
-1 where
wherel and m designate anyoccupied or unoccupig¢dHF 1
b xoceup P Fow="FowtAjw, (2.23

MOs andeg, is the HF orbital energy. The IVOs are deter-
mined variationally by minimizing the low lying singly ex- A% =Xl = I+ K=K xw), (2.24
cited ¥,_,, (a is the highest occupied MCstate energies
with respect to a new set of MQg}. However, to ensure the
orthogonality and applicability of Brillouin’s theorem, the
{x} are expressed in terms &p} as

and the minu@lus) sign applies fo,,_, , a triple(single}
state.

°E°° “g’:“ Ill. RESULTS AND DISCUSSIONS

= a,i i, = c . 2.2

Xa =~ i Pi Xu “~ ,uu¢u (2.22 A TiN

It can be shown that settingy,}={®,} (i.e.,a,i=95,) to The TiN molecule has £ symmetry with Ryy

be the occupied orbitals of the reference SCF configuration=2.99 A and with thez axis is defined as lying along TiN

TABLE Il. Comparison ofH},4 vertical excitation energiegn eV) of TiN obtained from{8037901547]”
CAS calculations.(The top entry for each state is obtained from the TZV basis, and the bottom is from
Watcher’s basis. Entrees in parentheses are oscillator strengths for transitions form the groynd state.

ngd
State HF RESC JFA cBP SM®  Experiment
X235t 0.000 0.000 0.000 0.000 0.00
0.000 0.000
A2A 1.234 1.345 0.946 0.793 1.04 0.934
0.952 1.066
B 21 1.9980.02% 2.0820.030 2.010 2.010 1.95 2.0£3
2.05%0.038 2.1490.042
4A 2.742 2.736 1.850
2.693 2.687
B2x* 2.832 2.746 2.973
2.713 2.740
1411 2.585 2.629
2.390 2.369
2201 2.8840.0036 2.8400.011)
2.6650.0002 2.6050.00)
3201 3.0540.03)) 3.0520.028
2.8500.017) 2.7430.018
225+ 3.098 3.097
3.232 3.123
“Reference 26. dReference 29.
PReference 27. ‘Reference 24.

‘Reference 28. Reference 30.
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TABLE IIl. Experimental and computed ground and excited state dipole mofiretebye of TiN.

IVO—CASCI HY g
State HF RESC HF RESC JFH CB® SMe Experiment
X235t 3.47 3.55 3.64 3.45 3.25 3.05 3.65 3.56
A2A 4.49 4.44 4.95 4.81 7.84 7.86 6.83
B 211 4.04 4.07 4.58 4.56 4.43 4.48 4.30 4.63

aReference 26.
PReference 27.
‘Reference 28.
YReference 25.

bond. Two sets of basis functions are employed to computals are quasidegenerate, we include batte8d 37 orbitals

the excitation energies, ionization potentials and related moin the reference space along with the, 46, and 4r molecu-
lecular properties of TiN. The MOs that are used to computdar orbitals. Thus, théd” reference space consists of seven
the transition energies and molecular properties are obtaineglectrons and seven valence orbitéds,90,15,3w, and 4r).

by solving the Hartree—Fock and two-component Dirac—Clearly, this choice stems from the fact that the treatment of
Hartree—Fock(DHF) equations to estimate the relativistic potential curves for the dissociation of a triply bonded spe-
contribution to the transition energies and related moleculagjes naturally calls for the inclusion of the three bonding and
properties, such as the equilibrium bond lengtRg)( disso-  antibonding orbitals in the reference space. A second set of
ciation energies,), etc. The first atomic basis is chosen asg|culations is also performed where 8nd 3r are included

(14s,11p,6d)/[10s,8p,3d] and (1®,6p)/[5s,3p] contrac- iy the core for a quick estimation of tfdl state vertical

tions centered on the Ti and N atoms, respectively. This congyitation energy.

traction scheme yields 66 contracted Gaussian-type orbitals Table | reports the @4«* vertical transition energy

@;)12_0791 g 7"2?47;2(3 total d—|—£|)|37 39214??50 ENergies onq thex 25+ andB 2I1 states dipole moment and oscillator
‘ a.u.-an ' a.u., re- strengths forX—B transition of TiN obtained from the

spectively. For the larger Watcher’'s basis, we employ, ~ ° . .
(14s11p6d3f )/[8s6s4d1f] contraction®’ for Ti and an IVO-CASCI and third orderH, methods using HF and

aug-cc-pVTZ basf® for the N atom. The computed HF RESC molecu_lar orpltals(ln_ Tables I_.V!’ _the golumn
. . . . . headed by HF is obtained using nonrelativistic orbijalfie
and two-component HF energies with this bagismprised

3rd ;
of 115 CG-TOy are —902.7310434962 au. and IVO-CASCI andH,™ calculations for Table | have been

—907.067 296 1501 a.u., respectively. The ground state corRerformed with a seven orbital, one valence electf@m)
figuration of TiIN (X23) is [cord?? 80237%9c. Since reference space as a prelude to identify in a computationally

ground state of TiN is open-shell with one-electron well NEXPensive strategy the most appropriate sets of unoccupied
separated from the inner core, we choose the closed-shéﬁilence{ orbltal§ for su.bsequent treatment of nondynamical
positive ion ground state configuratigoore?? 85237 as correlation. While the single valence electron reference space
the vacuum(reference state for convenience. In accord with VO—CASCI and H3' calculations of Table | provide a
numerousH® calculations, tests for TiN demonstrate that thehighly accurate estimate of theéS*— B ?II transition en-
third order description is almost identical to that following €rgy and the ground state dipole moment of TiN, they poorly
from the use of the neutral ground state approximation as thdescribe the high-lyingS. (also?A) excited states and en-

reference state. ergies because unlike thB2I1 state, theS state is not
While the first excited state’[I) of TiN arises from a  solely of &r—100 parentage.
90—47* transition(HOMO—LUMO), the 23, excited state Table Il compares the IVO—-CASCI arielfrd vertical

arises from a 8—9¢ excitation. Since the®@and 37 orbit-  excitation energies for TiN with experiment and with other

TABLE IV. Spectroscopic constants for the?S " ground and?A first excited states of TiN.

Spectroscopic

State constants IVO-CASCI JFH cB® SM® Experiment
X2s* R, (in a.u) 3.0746 3.048 3.080 2.963 2.990
De (in eV) 4.24 4.19 3.76 49
We 1045 1024 1010 1139 10839
A2A R. (in a.u) 3.30 3.13 3.19 3.03
D, (in eV) 3.24 4.05
We 820 931 1020 990
®Reference 26. dReference 24.
PReference 27. ‘Reference 31.

‘Reference 28. Reference 32.
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TABLE V. Hj 4 vertical excitation energie@n eV) of VN.

Dominant H3u
State configuration HF RESC JFA Experiment
X 3A 15890 0.0 0.0
113 16? 0.741 0.839 0.657
1A 1890 0.868 0.877
1301 1647 0.897 0.923
141 3790 1.814 1.772 1.582 1.774
133 90100 1.645 1.581
213 90100 1.831 1.839
21 184 1.961 1.991 2.11 2.259

aReference 26.

theoretical calculations. Here, the IVO—CASCI akif™  computed oscillator strengthgisplayed in Tables | and )il
transition energies and related properties are computed usignnot be assessed apart from prior experience where good
the much larger CAS for describing properly and simulta-Oscilator strengths are obtain&d:**~23

neously the ground and excited state of interest through the Table Il compares the IVO—CASCI anH3™ dipole
appropriate incorporation of core—core, core—valence, anthoments(u) for the ground and excited states of TiN with
valence—valence dynamical electron correlation. Theexperiment and with other theoretical estimates. The IVO—
IVO-CASCI/H, reference space is constructed by allocatingCASCI and H, 4 values reported in Table IIl are obtained
seven valence electron®c, 90, and 3r occupied in the using the [8037901001547]” CAS calculations with
ground statginto seven valence orbital8c, 90, 15, 3w, and ~ Watcher’s basis set. The present calculation exhibitsXhe
47). The present calculation shows that the inclusion of theandB state dipole moments obtained from the nonrelativistic
8o and 37 doubly occupied orbitals in the reference spaceand relativistic orbitals in favorable agreement with experi-
more greatly impacts the IVO—CASCI than thh;"d transi- ment and other correlated calculatioriBifferences, how-
tion energies. For example, the inclusion of the @hd 3=  ever, are present for the\ state dipole moment which is not
doubly occupied orbitals in the reference space shifts thavailable from experimentThe above trends strongly sug-
IVO—CASCI and third ordeH, X 23— B ?II transition en-  gests that the relativistic effects in TiN are negligilikes
ergy by 0.538 eV and 0.015 eV for nonrelativistic orbitals anticipatedl and, hence, this system can be studied nonrela-
(0.436 eV and 0.068 eV for relativistic orbitalsespectively. tivistically. Though the single reference IVO-CASCI treat-
Because thet-lfrd method includes correlation contributions ment provides a fairly accurate estimate of the’S
from all singly and doubly excited configurations with re- — B ?II transition energy, it poorly describes the correspond-
spect to any configuration iR space, the five-orbital valence ing dipole moments. The IVO-CASCI dipole moments are
spacerrd treatment includes dynamical correlation contri- off by 0.53 Debye(0.47 Debye for relativistic orbitalsand
butions from the 8 and 37 orbitals. Thus, the difference by 0.87 Debyg0.874 Debye for relativistic orbitalgor the
between the IVO-CASCI antHSrd transition energies fur- X?23 andB°ZIl states, respectively. While the inclusion of
ther suggests that dynamical electron correlation due to thdynamical electron correlation significantly reduces the esti-
80 and 3r orbitals is more important than is their contribu- mated error for thex S (0.026 Debye for HF MOs and
tion to nondynamical electron correlation. New calculations0.016 Debye for RESC MQsthe computed dipole moment
are provided for excitedll and3, states that emerge from the for the ?II state remains the same. Inclusion of the #éhd

HY calculations simultaneously with the lowéE and 2I1 17 occupied orbitals in the reference space significantly im-
states and that have not been considered before. The presgmoves the accuracy of the°Il excited state for both the
investigation also demonstrates that the inclusion®ef@d IVO-CASCI andHfrd calculations. The present work dem-
17 occupied orbitals in the reference space dramatically alenstrates that electron correlaticynamical as well as non-
ters the oscillator strengths, a feature which is not unusuallynamica) plays a key role in computing the excited state
Since neither experimental nor theoretical oscillatordipole moments.

strengths are available for this system, the accuracy of our Figure 1 depicts the computed IVO—-CASCI potential

TABLE VI. H3q vertical ionization energie@n eV) of TiN and VN.

TiN VN
Term HF RESC Term HF RESC
113 6.168 6.327 i) 9.04 8.99
133 8.508 8.641 I 9.93 9.82
31 8.602 8.765 Z3, 10.14 10.09
213 8.736 8.865 il 10.35 10.11

11 8.826 8.999 211 10.84 10.59
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-902.6 T T T T T T T T T To verify that our ground state potential curve for TiN
properly fragments into the appropriate Ti and N atomic
states, we compute the IP and transition energy of TiN at
large internuclear separatioRs If TiN dissociates properly,

- AN
90265 A8 then the above procedures should give the IP and excitation
energies of the Ti atom(The IP of the N atom is much
X7y higher than that of the Ti atonThe computed IP and the
-002.7 1 - SF—3F atomic splitting for Ti in TiN atR=3R, are 6.31 eV

and 0.877 eV, respectively. The present overestimation for
the SF—3F atomic splitting of Ti by 0.072 eV is quite rea-
sonable and suffices to establish the dissociation limit.

Energy

90275 |+ &
' B. VN

The ground and excited state properties of VN are com-
puted at the experimental ground state geometRg (
=1.566 A) with a “valence triple zeta” basi66 CGTO.
Because of quasidegeneracy between the Kigh) lying
_ occupied (unoccupied orbitals, we include four occupied
(16,3m,80) and three unoccupied orbital8oc,47) in our ref-
erence spacéln accord with Harriso® the “15” orbital is
o actually a nondegenerate orbitql with prirp.ardjwharact.eb.
O T 5, 4 45 5 55 6 65 7 75 _ Table V compares the vertical transitions energies ob-
R(Ti-N) (in a.u) tained fromH3" theory with the experiment and with other

theoretical calculations. In contrast to previous theoretical

FIG. 1. Plot of groundX °X (dashed lingand excitedA ?A state(dotted  jnyestigation, the present calculations indicate the possible
line) potential energy curve of TiN. Lines with cross represent the fitted . . .
(Mors curve. existence of few low lying excited state BfandIl symme-

try that have not been considered previously. One computa-

tion of the HY trivially enables computations for low lying
energy curves of TiN for the grouncK@2) and first excited  states of all symmetries, whereas many widely used schemes,
statesA 2A as a function bond length. The points provide thesuch singles and doubles configuration interactiSDCI),
computations, while the curves are fits of Morse potentials tdimited multiconfiguration SCRMCSCP methods, etc., re-
the data. The computed equilibrium bond lend®y)( vibra-  quire separate full scale calculations for each symmetry. It is
tional frequency ), and dissociation energyD) from  also interesting to note that the state energies computed with
the two potential energy curves are compared with experiRESC orbitals are to some extent more accurate than those
ment and with other theoretical data in Table IV. The IVO- obtained from the HF orbitals.
CASCI potential energy curves of TiN are computed with
Watcher’s basis and with 7-valence electron, 7-valence ore. Positive ion states of TiN and VN
bital CAS. The ground state of Ti &F 3d?4s?, and, there-

fore, it is unlikely that this configuration can lead to triple tion potentials(IP$ of TIN and VN. The IPs reported in

bond formation. Rather, the next lowest excited stffe Table V are computed with Watcher’s basis at the experimen-
3d34s? can couple to produce the TiN ground state. The P P

experimental atomic splitting between te and°F atomic tal geometry. To our knowledge, neither the experimental nor

states of Ti is 0.809 eVaveraged ovem, values. Since this computed IPs of TiN and VN are available to assess accuracy

o L . I of the calculated IPs. However, since our computed transi-
splitting is non-negligible, the computed dissociation energy;

D, should be determined by subtracting He_SF experi- tion energies and spectroscopic constants are in accord with

mental atomic splitting from the asymptotic largeenergy. the experiment and with other theoretical estimates, we
' strongly believe our calculated IPs represent a very good

Our theoretically estimated spectroscopic constants are in ~.2° . R .
o rediction, especially in view of prior accurate IPs from nu-
good agreement, except for the equilibrium bond length. Th ; oo 03
merous otheH" calculations?

inaccuracy in the estimated equilibrium bond length, in part,

is du_e to the_use of a first order IVO—CASC_I approxmatlonlv. CONCLUDING REMARKS
and is consistent with the type of behavior expected for
CASCI calculations. A similar overestimation Bf appears Multireference many-body perturbative schentb&O—

in our IVO—CASCI calculations for the ground state of the CASCI andHf'd), which are applicable to the direct calcu-
HF molecule, a deficiency that is rectified by third ord€r  lation of excitation energie€EE), ionization potentialgIP)
calculations'® Since our focus here is mostly on vertical ex- and related properties, are applied to compute the transition
citation energies and ionization potentials, dipole momentsgnergies, ionization potentials, and spectroscopic constants
and the comparison between relativistic and nonrelativistiof TiN. Highly satisfactory results are obtained for the exci-
orbitals, we have not carried out third order calculations fortation energies and for the dissociation energy, dipole mo-
the full potential curves of TiN. ments, oscillator strengths, and vibrational frequencies. Ver-

-902.8

-902.85

Table VI summarizes the calculatetf™ vertical ioniza-
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tical excitation energies and IPs are likewise computed fot?R. K. Chaudhuri, J. P. Finley, and K. F. Freed, J. Chem. Ph8§. 4067

VN. The computations include several states that have nolg(1997); _
previously been studied. The ground and excited propertiesJiQF; Finley, R. K. Chaudhuri, and K. F. Freed, J. Chem. Pb§8, 4990

are also computed with MOs obtained from two-component«; s Finiey, R. K. Chaudhuri, and K. F. Freed, Phys. Re64A343
Dirac—Hartree—Fock equations to assess the importance 0f1996.
(the expected smalrelativistic effects as a prelude to treat- *°S. Wilson, K. Jankowski, and J. Paldus, Int. J. Quantum Ct28ni1781

ing systems where the relativistic contributions are antici-le(slg\?viz'son K. Jankowski, and J. Paldus, Int. J. Quantum C28n525

pated to be more significant. Molecular calculations with the (19gg
four-component Dirac—Hartree—Fock MOs are in progress.'’D. M. Potts, C. M. Taylor, R. K. Chaudhuri, and K. F. Freed, J. Chem.
Phys.114, 2592(2002.

18R, K. Chaudhuri, K. F. Freed, S. A. Abrash, and D. M. Potts, J. Mol.
ACKNOWLEDGMENT Struct.. THEOCHEMS83, 547 (2001).

Th|s research iS Supported, in part’ by NSF Grant No_lgA. J. H. Wachters, J. Chem. Ph)@, 1033(1970; IBM Technical Report
CHE9727655 RJ584, 1969; C. W. Bauschlicher, Jr., S. R. Langhoff, and L. A. Barnes, J.

Chem. Phys91, 2399(1989.
20T, H. Dunning, Jr., J. Chem. Phy80, 1007 (1989.
1J. C. Philips and L. Kleinman, Phys. Rei 6, 287 (1959. 2LR. K. Chaudhuri, A. Mudholkar, K. F. Freed, C. H. Martin, and H. Sun, J.
2S. Huzinaga, L Seijo, Z. Barandiran, and M. Klobukowski, J. Chem. Phys. Chem. Phys106, 9252(1997).
86, 2132(1987); L. Seijo, Z. Barandiran, and S. Huzinaghid. 91, 7011 22R. K. Chaudhuri, K. F. Freed, and D. M. Potts, liow-Lying Potential

(1989. Energy Surfaces, 82&dited by M. R. Hoffman and K. N. Dyal(lOxford
3T. Nakajima, T. Suzumura, and K. Hirao, Chem. Phys. L8@4, 271 Press, North Carolina, 2002p. 154.
(1999; T. Suzumura, T. Nakajima, and K. Hirao, Int. J. Quantum Chem.?3J. E. Stevens, R. K. Chaudhuri, and K. F. Freed, J. Chem. RBgs8754
75, 757(1999; T. Nakajima, K. Koga, and H. Hirao, J. Chem. Phy&2, (1996.
10142(200; K. Motegi, T. Nakajima, K. Hirao, and L. Seijabid. 114, 24T, M. Dunn, K. L. Hanson, and R. A. Rubinson, Can. J. P#8.1657
6000 (2001). (1970.
4P. C. R. J. Buenker and B. A. Hess, Chem. Pi84.1 (1984). 2B, Simard, H. Niki, and P. A. Hacket, J. Chem. Ph98, 7012(1990.
5T. Nakajima and K. Hirao, Chem. Phys. Le302, 383(1999. 26]. F. Harrison, J. Phys. Cherh00, 3513(1996.
K. F. Freed, inLecture Notes in Chemistrgdited by U. KaldokSpringer- ~ 2’C. W. Bauschlicher, Chem. Phys. Let0, 515(1983.
Verlag, Berlin, 1989, Vol. 52, p. 1. 283, M. Mattar, J. Phys. Cher87, 3171(1993.
’B. H. Brandow, Rev. Mod. Phy89, 771(1967. 29K Brabaharan, J. A. Coxon, and A. N. Yamashita, Spectrochim. Acta, Part
8]. Lindgren, J. Phys. &, 2441(1974. A 41, 847(1985.
9X.-C. Wang and K. F. Freed, J. Chem. Phgs, 2899 (1987. 303, K. Bates, N. L. Ramieri, and T. M. Dunn, Can. J. Pt54.915(1976.
R, L. Graham and K. F. Freed, J. Chem. PH86.1304(1992. 31R. A. Gingirich, J. Chem. Phyg19, 19 (1968.

3. P. Finley and K. F. Freed, J. Chem. Phi82 1306(1995. S2A. W. Douglas and P. M. Veilleti, J. Chem. Phy&2, 5378(1980.



