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As an extension to the Kramers' restricted Hartree-Fock (KRHF} method [J. Comp. Chem., 13, 595 (1992)], we have
implemented the Kramers' restricted configuration interaction (KRCI) program in order to calculate excited states
as well as the ground state of polyatomic molecules containing heavy atoms. This KRCI is based on determinants
composed of the two-component molecular spinors which are generated from KRHF calculations. The Hamiltonian
employed in the KRHF and KRCI methods contains most of all the important relativistic effects including spin-orbit
terms through the use of relativistic effective core potentials (REP). The present program which is limited to a small
configuration space has been tested for a few atoms and molecules. Excitation energies of the group 14 and 16
elements calculated using the present KRCI program are in good accordance with the spectroscopic data. Calculated
excitation energies for many Rydberg states of K and Cs indicate that spin-orbit terms in the REP, which are derived
for the ground state, are also reliable for the description of-highly excited states, The electronic states of the polyatomic
molecute CH;l are probed from the molecular region to the dissociation limit. Test calculations demonstrate that
the present KRCI is a useful method for the description of potential energy surface of polyatomic molecules containing

heavy atoms.

Introduction

In order to achieve a good accuracy in the description
of potential energy surfaces for molecules containing heavy
atoms, it is necessary to include spin-orbit interactions and
other relativistic effects in the electronic structure calcula-
tions.!~? Although electronic structure of molecules can be
treated relativistically using ab initio all-electron method
starting from the Dirac-Fock (DF) formalism,*~* this approach
has limited utility at present because of the large number
of electrons and resulting additional integrals. Furthermore
electron correlations are often essential and usually more
important than the relativistic corrections. For the configura-
tion interaction (CI) method commonly employed to account
for the electron correlations, the above two factors make
the all-electron relativistic calculations still more impractical®

The complexity of carrying out all-electron relativistic cal-
culations can be substantially reduced by adopting an ab
initio approximate scheme known as the effective core poten-
tial methods without compromising too much accuracy. There
are many variations of relativistic effective core potentials
(REPs) with different generating procedures and final forms.
We have been developing Hartree-Fock (HF) and post-HF
methods based upon one particular form of the REP which
contains spin-orbit interactions as a part of the relativistic
correction. This REP was originally formulated by Lee et
al?® and imgproved by Christiansen ef al."' generated and
tabulated in forms convenient for molecular calculations for
many elements by Ermier, Christiansen and their cowork-
ers.2~ By defining the molecular Hamiltonian with the
above REP, it is possible to include spin-orbit interactions
from the HF level of the theory, but this requires modifica-
tion in the computational method. We have taken this ap-
proach of including spin-orbit terms from the HF level and
developed the Kramers' restricted Hartree-Fock (KRHF)*

and the MP2 method (KRMP2)¥ for polyatomic molecules.

Here we report the extension to a I method, which we
will refer as the Kramers’ restricted CI (KRCI) method in
order to emphasize the symmetry property of the Hamilto-
nian used. This KRCI can be used to study excited states
in addition to the ground state and has the ability to investi-
gate open shell states of polyatomic molecules. The present
KRCI method is tested for atoms and small molecules with
small basis sets and configuration spaces. Theory behind the
present scheme is described in the next section followed
by results of some test calculations.

Thoery

For a polyatomic molecule with »n, valence electrons, the
two-component molecular Hamiltonian'® can be expressed (in
atomic units) as

¥y >

where ¢ and j denote valence electrons, 4 and b are the
core indices, Z7¥ is the charge of the core @, and U,®" is
the REP of atom g¢. There can be many variations in the
form of REPs, and the present REP is expressed by the
following form,>'®

URE.P _ ng(f)
£S5 Hiz 2 LU — U0 )t > <lim | (2)
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where |fim><{jm| represents a two-component projection
operator. Molecular spinors which are one-electron eigen-
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functions of the REP of Eq. (2) have only two components
while the Dirac spinors have four components. The U of
Eq. (2) can be expressed as the sum of the weighted average
of REP (AREP), ["*" and the effective one-electron spin-
orbit (ESO) operator, I/, as

UREP = [JAREP 4 SO, 3
In the above equation, the AREP has the form of

{PAREF = ULW(r)+JZ i [UARE (1) — U AREP () ) lim > <im | (4)

where
UM =@+ D)0 U 0+ 0+ ) U 0] 6

and the ESQ can be written as

[Po=g- /2 21+1AU‘W’(1’) Z_, ”i lim> <im|1lbm"> <im'|
6)
where
AUFER ) = URER ) — U o). )

When the ESO is omitted in Eq. (3), the REP reduces to
the AREP that is equivalent in form to many effective core
potentials in the conventional nonrelativistic method. The
use of the AREP in the conventional molecular orbital calcu-
lations will probably produce most relativistic effects except
for the spin-orbit interactions. The spin-orbit interactions can
be investigated by performing additional calculations with
and without the ESO at various levels.'® In the present work,
however, the spin-orbit coupling is included from the HF
step to form the two-component spinors.

Even when the REP is explicitly considered, the total wa-
vefunction of the ground state of a closed-shell system can
be approximated by one Slater determinant in the HF me-
thod as

Y=Alyy: - v, ®)

where A is the antisymmetrization and normalization opera-
tor and the y's are one-electron molecular spinors with two
components. In this spinor formalism, the total energy of
the molecule is

X & N et e
E=<¥Y|HI¥>= ih,—+% i(ﬂ;"_Kij)"' ;Zz_zi 9
! o a oy

where
1
Ji= <willilvi> = <yl ww> (10)
K= <y Kilw,> = <way ?,ljiwsw,-z (11)

All one-clectron molecular spinors can be expressed as
the linear combinations of the products of orbitals x,'s and
spin functions a and ,

yit= ; ¢ papat ; ¢ aploB (12)

y,o = gc',-,qx,a+ ;c‘,-,gx_,ﬁ (13}
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where superscripts + and — refer to Kramers' pair. With
a special choice of phase factors,

Ty =—y* 4)
Tyi =y (15)

where time reversal operator T is given by® T=—ia,T,,
o, is the Pauli matrix acting on the spin part of the spinor,
and T, is the complex conjugation operator for the orbital
part.

In the KRHF method,'® Kramers™ symmetry is introduced
since the two-component Hamiltonian of Eq. (1) is invariant
under the operation of the time reversal symmetry. The total
wave function can be written in terms of Kramers’ restricted
spinor pairs as

¥ = Ay TyDveTva) - YT (16)
and the total electronic energy is
npi2 npf2
E=2 b+ 3 @y—Ki~Ly an
7 o
where
1
Ji=<wililw>= <w,w,-l§|wv;> (18)
Ki=<ylK|y>= <w.-w;|}7| Wi, > (19)
Lu <W=|L1|\Fx> <\F:T‘If;i‘_17%\lh (20)

By supposing linear expansions in Eq. (12) and (13) as solu-
tions satisfying variational conditions, we obtain the Fock
equation of the KRHF as

FC=SCE @1)
nple
F=h+ 3 @—K—L) @)
where
J=<wil——y> (23)
12
K=lv>L <yl ©4)
712
L= |m>%<m—|. (25)

The appearance of the L; is the main difference from the
conventional Fock matrix. When Eq. (21) is solved, we have
an orthonormal set of molecular spinors which are the linear
combinations of the products of orbital bases and spin func-
tions as in Eq. (12) and (13). Since each coefficient of y;'s
is a complex number in the KRHF method, each molecular
spinor is also a complex function.

After molecular spinors are formed in the HF step, the
transformation from the basis integrals to the molecular spi-
nor integrals is performed using the transformation routine
developed for the KRMP2 method”. The present KRCI is
similar to the nonrelativistic CI in the formalism but the
actual program could not be the same. Since this KRCI uses
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the complex-valued integrals over molecular spinors of the
KRHF, KRCI calculations require much more time and me-
mory than the corresponding conventional CI calculations
using the same REPs. The computational requirement is
somewhat reduced by the utilization of the Kramers’ symme-
try while the treatment of complex numbers cannot be avoi-
ded in general

If the HF wave function {¥,> is a reasonabile approxima-
tion to the exact wave function, a CI wave function |Do>
is usually expressed as

|®y>=Co¥p>+ 2. CilW. >+ c; Cial¥s>
ar 2 r<s

+ o2 CalE>+ 3 CRIVE> e
a<b<er 7<s<t a<d<r<ds r<s<t<w
(26)

where |¥,>, |¥.>, |¥5>, - denote determinants. In our
KRCI, all the determinants are orthogonal to each other be-
cause the spinors composing them constitute an orthonormal
set, If the normalization is imposed, the linear variation me-
thod leads to an eigenvalue equation,

HC=CE 2
where the element of the Hamiltonian matrix, H,
Hy=<VIHI¥>. (28)

The expression of each matrix element H, is derived from
the Stater-Condon rules. Integrals over molecular spinors
can be grouped as one- and two-electron integrals.

Celad 7 1= de lw:*(xl)h(f])wj(xl) (29)

[l k1= [aendeay o eridue e (30)

For the orbital integrails which are used to form nonrelativis-
tic C; matrix, one can take advantage of the following sym-
metries,

Lilalid=1i1m14] 3D

Lol et 1= Ui | W] = Lsf L ik ] = ()R
=[kNif 1= (R = Ukl =1k 5] (32)

because all integrals are real numbers. In the present me-
thod, it is necessary to consider complex conjugation when-
ever permutation is used to reduce the number of integrals
to be explicitly evaluated, ie. Eq. (31) changes to [i|A!/]=/I
#li]* and the symmetries in Eq. (32) are partially broken
because the spinors are complex vectors. For the molecular
spinor integrals, only the Hermitian symmetry exists,

Ltk )= CRiNdf] = [siliR]* = (k1540 (33)
Gtk 1=Cktlji) = CefltkT* = [t 1 451 (34)

In the present KRCI method, the Kramers' symmetry com-
pensates for the lowered symmetry with the following rela-
tionships®,

Uit =L TeTI]* 3%)
LiTi k1= —(Ti | TRTI]® (36)
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Table 1, Excitation Energies of Some Group 14 Elements in

cm™!
Ge Sn Pb
Term. Exp. KRCI Exp. KRCI Exp. KRCI
P f= 0.0 0.0 0.0 0.0 0.0 0.0

Jj=0

/=1 5571 5523 16918 17421 78194 74676
J=2 14099 14094 3427.7 36544 106505 112409
J=2 71263 98275 86130 112282 214579 221632
J=0 163672 174422 171626 184091 294668 30657.3

where T(T)=—j.

To solve Eq. (27) is to diagonalize the matrix H. We have
coded a simple CI routine that constructs the H matrix by
comparing determinants. The diagonalization of the complex
Hermitian matrix is performed by using the EVCHF routine
from the IMSL library®* to get the eigenvectors and the cor-
responding eigenvalues.

Test Calculations and Results

Seven different computational methods, four based upon
the use of AREP and three of REP, are used in this study.
The relativistic restricted HF using the AREP (AREP-HF)
is the HF method including all the relativistic effects except
the spin-orbit coupling Solutions obtained from the AREP-
HF are called molecular orbitals in this work because of
the lack of spin-orbit coupling. The relativistic Motler-Plesset
second order perturbation using the solutions of the AREP-
HF (AREP-MP2) calculates the perturbation energy with mo-
lecular orbital integrals. The relativistic CI using the solu-
tions of the AREP-HF (AREP-CI) is a CI approach using
the same molecular orbital integrals as the AREP-MP2 while
the addition of spin-orbit integrals in forming the CI matrix
will lead to the spin-orbit CI method, which will be referred
as AREP-SOCI. There are three REP methods, REP-KRHF,
REP-KRMP2, and REP-KRCI. They are hased on two-compo-
nent molecular Hamiltonian and take advantage of Kramers’
symmetry. REP-KRHF proeduces two-component molecular
spinors and REP-KRMP2 calculates the second order pertur-
bation energy using the molecular spinor integrals. REP-
KRCI calculates Cl energies using integrals over molecular
spinors.

Full Cl calculations with the REPs and minimal basis
sets'®~ 1% were performed for group 14 elements Ge, Sn, and
Pt and group 16 elements Se, Te, and Po. Since the full
Cl caiculation was performed for each element, AREP-SOCI
and REP-KRCI gave the identical excitation energies. This
provides one crucial check for the correctness of our imple-
mentation of the KRCI computer code. Tables 1 and 2 show
that excitation energies from these crude calculations are
accurate to 75-95% in comparison with the experimental spe-
ctroscopic data® Large AECP,-°Py) and AE('D-P;) of Pb
which are expected for the heaviest element of the group
14 demonstrate the need to include spin-orbit interactions
even for the qualitatively correct results. Large AECP-°Py),
negative AECP,°Py), and large AE(’Sy-'D,) of Po are also
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Table 2. Excitation Energies of Some Group 16 Elements in
cm—]

Ge Te Po
Term. Exp. KRCI Exp. KRCI Exp. KRCI

P J=2 0.0 0.0 0.0 00 0.0 0.0
J=1 19895 21252 4751 48741 16831. 169423
J=0 25344 27232 4407 49236 7514. 83838

D j=2 95761 123794 10559. 133369 21679. 240742

S J=0 224460 226127 23199. 235853 42718. 449245

reproduced by the present KRCI scheme. Nonrelativistic ab
initio calculations do not produce splittings of P unless the
spin-orbit interactions are added. It is impossible for the
nonrelativistic CI to calculate the above AE's,

Rydberg states of K and Cs atoms were calculated using
the REPs"®" and moderate basis sets including some Ryd-
berg exponents (total of 11sllp basis functions and no cont-
ractions) at the CI level of single electron excitation. Deter-
minants were constructed by using the molecular spinors
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from the REP-KRHF calculations of the positive ion. Excita-
tion energies of K are listed in Table 3 and those of Cs
are in Table 4. The excitation energies of REP-KRCI and
AREP-KRCI are about the same and systematically smaller
than the experimental values® indicating that low-lying sta-
tes are not described very well by the present scheme. Spin-
orbit splittings are calculated better by the REP-KRCI than
by the AREP-SOCI method implying that the REP-KRCI may
be superior to the AREP-SOCI method for this type of pro-
perties. Improvements of excitation energies and spin-orbit
splittings are expected for more elaborate ClI schemes. Rela-
tive errors in spin-orbit splittings are rather uniform regard-
less of # quanturm numbers except for the very last states.
This is a good indication that the ESO contained in the REP
is good not only for the ground states, for which ESO was
derived, but alse for highly excited states.

Figure 1 shows the six different dissociation curves for
the ground state of the HBr which are calculated using the
REP® and the double zeta basis sets for Br and H. Due
to the limitations in the HF theory, AREP-HF, AREP-MP2,
REP-KRHF, and REP-KRMP2 can not dissociate the HBr
into H and Br atoms. Two CI calculations, AREP-SOCI and

Table 3. Excitation Energies (in cm™") for Rydberg States 2Py, and *Pi; of the K atom

Config.  Term Exp. REP-KRCI Error® AREP-SOCI Error®

KTSYTURNE. 12985.17 11347.8 113535

%P 13042.89 11394.6 113915
AE(Py,—*Pp) 57.72 46.8 -18.9% 380 —34.2%
3p%5p'  Pip 2470144 22349.9 22351.7

Pas 24720.20 22365.9 22364.8
AECPy— P} 18.76 160 -14.7% 13.1 -30.2%
3p6p' Py 28999.29 26498.2 26498.9

Py 29007.70 26505.2 26504.6
AE(P:r—2Pyp) 841 70 —16.7% 5.7 —32.2%
T P 31069.98 285725 28572.7

Par 3107446 285754 28575.1
AECP;z—P12) 448 29 -35.3% 24 —46.4%

¢Difference between experimental and calculated AE.

Table 4. Excitation Energies (in em™") for Rydberg States 2Py, and *Py» of the Cs atom

Config. = Term Exp. REP-KRCI Error® AREP-S0CI Error?

Spe6p! Py 11178.24 9131.3 9147.2

Psp 1173235 9526.4 94874
AE(Py—Pyy) 554.11 3951 —28.7% 340.2 - 38.6%
5p° 7p P 21765.65 18703.9 18699.0

Py 21946.66 18845.6 13821.8
AECPyz—Pr2) 181.01 1417 —21.7% 122.8 -322%
50580' Py 25709.14 224204 224095

Pyz 25791.78 22485.8 22466.2
AE(P3—Pyp) 82.64 654 —20.9% 56.7 —314%
5p5op! Pz . 27637.29 24287.0 242734

Py 27681.96 243179 24300.2
AECP;n— P} 4467 30.9 - 30.8% 26.8 —40.0%

*Difference between experimental and calculated AE.
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Figure 1. Potential energy curves for the ground state of BrH.
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Figure 2. Potential energy curves for the ground state of CHsl.

REP-KRCI, however, exhibit qualitative dissociations. The
dissociation energy 299 eV of both AREP-SOCI and
REP-KRCI is a reasonable value when compared with the
experimental one of 392 eV.2 At the molecular region near
R,, there are almost no difference between AREP and REP
calculations, but more difference is found with the increase
of internuclear distance reflecting the fact that the spin-orbit
interactions are usually larger for the atoms than for the
molecules,

Figure 2 shows six energy curves for the ground state
of CH;l. Those curves were obtained using REPs and the
minimal basis sets.** Each geometry is optimized at fixed
r(C-I) using AREP-UHF caiculations. Single and double exci-
tations are included in these CI calculations. Two Cl energy
curves, AREP-SOCI and REP-KRCI, exhibit qualitatively cor-
rect dissociations, which means that our KRCI program is
adequate for probing nonlinear polyatomic molecules. A few
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Figure 3. Potential energy curves for low-lying states of CHil
computed using the REP-KRCI.

low-lying states were calculated by REP-KRCI in order to
test the performance on excited states of the polyatomic mo-
lecules, The photoexcitation of CH,l may follow two dissocia-
tion channels, I*CPi2)+CH; and I(Py)+CH,# Calculated
energy curves of some low-lying states in Figure 3 are in
good accordance with the experiment®* Even the conical
cross section, the crossover between 3E and 24, states is
also present in the present KRCI results. As n{C-I) becomes
long enough to be considered as the dissociated CH;l, four
excited states 3E, 14, 2E, and 1E converge to the channel
I(Py»)+ CH, and the excited state 24, does to the other
channel I*(*Py,)+ CH,. The channel I{(*Py;)+ CH; of 3E, 14,,
2E, and 1E, however, did not exactly coincide with that of
14, in the dissociation limit since the present KRCI is based
on the single reference state which does not possess equiva-
lent p orbitals. The excitation energies from the ground state
14, to 2E, 24,, and 3E are 232, 209, and 224 nm, respecti-
vely, in reasonable agreement with the experimental broad
band centered around 260 nm.>%

Concluding Remarks

We have implemented the KRCI program to calculate exc-
ited states as well as the ground state of polyatomic mole-
cules having heavy atoms. This KRCI is based on determina-
nts composed of the products of two-component molecular
spinors which are the solutions from the KRHF program
and uses molecular spinor integrals with all the important
one-electron relativistic effects including the spin-orbit inte-
raction.

Excitation energies of the group 14 and 16 elements calcu-
lated using the present KRCI program are in good accorda-
nce with the spectroscopic data. Rydberg states of K and
Cs were investigated. Results indicate that the REP-KRCI
method is slightly better than the AREP-SOCI for the calcu-
lation of spin-orbit splittings and that ESO of REP is a relia-
ble description of spin-orbit interactions even for the highly
excited states. The KRCI scheme is able to dissociate diato-
mic molecule HBr properly. The electronic states of the poly-
atomic molecule CH;l are probed from the molecular region
to the dissociation limit. The differences between AREP-
SOCI and REP-KRCI calculations are not significant and can
be attributed to the difference of the reference state. Wheth-
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er this will be true in general or not remains to be proved
by more extensive test calculations. Any serious considera-
tion of dynamic correlation effects requires a more efficient
version of the KRCI method and the work in this direction
is In progress.
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