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Dirac—Fock—Roothaan calculations using a relativistic reduced
frozen-core approximation

Yoshihiro Watanabe and Osamu Matsuoka®
Department of Chemistry, Kyushu University, Ropponmatsu, Fukuoka 810-8560, Japan

(Received 27 May 1998; accepted 12 August 1998

The reduced frozen-core approximati(RFCA) that has been previously used for nonrelativistic
calculations is extended to relativistic calculations. The RFCA adopts a new method for the
orthogonalization of valence basis functions to core orbitals. Orthogonalization is performed using
corelike basis functions consisting of fewer primitive basis functions tbhare orbitals. Dirac—
Fock—Roothaan calculations on HI and ThO show that the relativistic RFCA can reduce computing
time and closely reproduce the total and valence orbital energies and spectroscopic constants
obtained by all-electron calculations. €998 American Institute of Physics.

[S0021-960608)30443-2

I. INTRODUCTION

. . . _ wp:Np(Xp_E KCCCP)’ @
Despite rapid progress in computer technologies, all- ¢
electron(AE) Dirac—Fock—-RoothaafDFR) calculations on  sych that(w,|¢.)=0. Several numerical calculations have
molecules containing heavy atoms still require considerablghown that the corelike basis functia can be selected so
computer time. To reduce the computational requirementshat the basis is simpler and smaller than that of the corre-
the frozen-core approximatioFCA) could be adopted, sponding core orbitak, . Hence, the required molecular in-
since the FCA treats a few valence electrons explicitly andegrals are over the basis dat, «c}, and the computation

leaves core electrons dormant. _ of molecular integrals should be simplified compared to AE
For example, population analysis on our previous AEcg|culations.

DFR calculations on ThO molecdishows that the lower This scheme of selecting corelike basis functions is simi-

orbitals of ThO consist of the core orbitals of the constituentzy to the one adopted by the model and some of the effective

atoms and only the d 6p, and % orbitals of the thorium  core-potential methodsHence the proposed RFCA could be

atom and the and 2p orbitals of the oxygen atom take part regarded as rigorism of these approximate methagsoted

in molecule formation. Thus, the FCA should work very well iy the previous articl@.

in_heavy-atom containing molecules, as assumed in many |n the previous articlé, nonrelativistic Hartree—Fock—

model and pseudopotential calculau&ng. _ Roothaan calculations were performed using RFCA and the
In the usual FCA, the valence basis functidng} are  calculated total and orbital energies and spectroscopic con-

Schmidt orthogonalized to core orbitdlg} to form core-  stants were found to be comparable to those obtained by AE

orthogonalized valence basis functiofs,} as calculations. In this article, RFCA is extendedredativistic
Hartree—Fock—Roothagpr DFR) calculations.
wp:Np(Xp_z ¢cccp)v 1) The relativis_tic RFCA is described ir_1 Sec. I, an_d_nL_J-
c merical calculations for HI and ThO using the relativistic
RFCA are reported in Sec. lll. The proposed relativistic

whereN, is a normalization constant ar@.,} are coeffi RFCA is discussed in Sec. IV. Throughout this article,

cients to be determmed S0 th@bp|¢°>:0' Hence, to_per- atomic units will be used except when noted otherwise.
form DFR calculations, molecular integrals over basis func-

tions{x,.¢c} are needed, so that the usual FCA requires the
same number of molecular integrals as AE calculations!!- RELATIVISTIC REDUCED FROZEN-CORE
Thus, with regard to the computation of molecular integrals,APPROX'MAT'ON
the former approach does not have much merit over the lata. Relativistic Hamiltonian
ter.

To overcome this drawback, one of the autfgpso- S 3 : o
posed a new kind of FCA called reduced FCRFCA). In nonrelativistic RFCA' The valence basis functiog, is or-

RFCA, each core orbitap, has a one-to-one correspondence:E.hogonal'Ze.d S cc;re grb'takﬁc trtlr:ough co_retllk](cafbass func-
to acorelike basis functionx;, and the valence basis func- ions « as in Eq.(2). However, they consist of four compo-

tions are orthogonalized to core orbitals through corelike bal'€Nts, and the Dirac—Coulomb Hamiltonian is assumed so

sis functions{x,} as that the core Hamiltonian for electrquis written as

The relativistic RFCA does not differ much from the

H°°'6<M>=HD(M)+EI VO ), &)

3Electronic mail: prophet@rc.kyushu-u.ac.jp
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TABLE |. Basis functions for 5 valence orbital of iodine atom. TABLE II. Square norms of large-) and small ¢ components for
thorium atomic orbitals.
o Coefficients )
Primitive ~ Exponent Corelike or Orbital ~ Orb. energy (4" (5|95 (65 S P S
basesy  parameters Large comp. Small comp. valence bases
- 1s+  —4058.5 0.87907 1.2083-01  1.375E—01
2 5.108%+6  6.027rE-6  1371€-5 2p—  —729.88 097151 2.84%4-02  2.933E—02
3 1370E+6  1482€-5  2911&-5 2p+  —603.59 0.97568 2.438-02  2.492E—02
4 4.213&+5  3.943€-5  6.527E-5 3s+ -193.11 0.99027 9.7355-03  9.828E—03
5 1.337E+5  1121£-4  1427E-4 3p—  —180.13 0.99033 9.67E-03  9.766&E—03
6  4411&+4  3259F-4  2.998%-4 3p+  —150.89 0.99154 8.46E-03  8.536E—03
7 1533E+4  9.254&-4  5.834E-4 3d-  -130.31 0.99168 8.318-03  8.388E—03
8 5.740&+3  2.426E-3  1.029E-3 3d+  —124.36 0.99199 8.00BB-03  8.072&-03
9 2.339E+3  5540&€-3  1.585€-3 4s+ —-50.195  0.99653 3.47F5-03  3.484&—03
10 1.025€+3  1091&£-2  2.138&-3 4p- 44347  0.99663 3.3755-03  3.383E-03
11 4.744E+2  1534E-2  2.089&-3 4p+ -36.715  0.99706 2.94F-03  2.950E—03
12 2.277E+2  8.125£-3  7.006&-4 _ 4d— —27.325 0.99728 2.728-03  2.730E-03
14 5.463&+1 -1058E-1 -—4.932E-3 4f— -13.535 0.99775 2.24%-03  2.250E—03
15~ 2.696E+1 -5628&-2 —1853&-3 _ af+ -13177  0.99780 2.1989-03  2.203E—03
17 6.774£+0  3.180&-1  5232€-3 _ 5p— —9.2495  0.99904 9.64E>04  9.650E 04
19 1628€+0 —6.385E-1 -5149%&-3 5d— —3.9814  0.99936 6.43F2-04  6.441&—04
20 8.163£—-1 —1680E-1 —9.593&-4 5d+ —3.7186  0.99939 6.09E-04  6.095&—04
21 3.765€—1  S5.669E-1  2.198£-3  5svalence 6s+ —2.0658  0.99975 2.52@-04  2.520€—04
22 1918E-1  5405E-1  1.496E-3 6p— ~1.3172  0.99979 2.05@-04  2.058%—04
23 9.651&-2  2302E-1  4.520E-4 6p+ —~1.0017  0.99984 1.6286-04  1.625€—04
6d— —0.22275 0.99993 6.67E>-05  6.674&—05
6d+ -0.21044 0.99994 6.06EL-05  6.061E—05
7s+ —-0.20933 099997 3.198-05  3.193E-05
where the first term is the mass-energy-subtracted Dirac
Hamiltoniarf
) and small components of the polarization functiong,and
p— ’ . .
Hp(u)=ca-p+cp +EI v (p) (4 73, were found to be safely taken kinetic balarted
S__ L
and the second term consists of Coulofdpand exchange Mp=0 p”plzc' Y
(K) potential§ from core electrons at thih nucleus: whereqg is a Pauli matrix.
| | . . .
Vfore(,u)=c§c:| [Je(p) —Kg(p)]- (5  C. Corelike basis functions

After several numerical experiments, we found that the
following procedure gave an appropriate set of corelike basis
functions{x.}. First, we perform AE atomic DFR calcula-
tions using a given set of primitive basis functions. The
Dirac—Fock valence orbitals usually consist of groups of ba-
sis functions such that the primitive basis functions in each
group have coefficients with the same signs. Table | shows
as an example thesbvalence orbital of iodine atom calcu-

After some numerical calculations, we found that wejated using exponent parameters of a well-tempered basis
could safely treat the four-component valence basis functionget!© |t consists of five groups of basis functionsy;(

as units so that we could expand the four—cgmponent MO= 5.}, (13— 715, (716 717), (18— 720, and (7x
lecular orbitals¢; in terms of core-orthogonalized valence — ;.. we take the first groups,— 7,,) to be a & core-

In Eqg. (4), cis the speed of lighte and 8’ are Dirac matri-
ces,p=—iV is the momentum operator, ang(u) is the
nuclear potential from théth nucleus. In this study, nuclei
are assumed to be uniformly charged spheéres.

B. Valence basis functions

basis functionfw,} as like basis functiork,, the second grouprf;s— 715 is a 2
corelike basis functiork,g etc., and the fifth group
b= w,Cyi (6)  — 7,9 is the valence basis functions. For other atoms, we

P can use the same procedure as in this example. Second, we

and the scalar coefficienf€,;} were optimized by the self- apply least-square fitting to these corelike basis functiags
consistent fieldSCP process. This is in contrast to usual AE etc. using fewer primitive basis functions. Next, we perform
calculations where the coefficients on the large and smalDFR calculations using these corelike and valence basis
components are optimized individuall§See e.g., Ref.)6 functions and see whether they give reasonable total and or-

The large and small components of the valence basibital energies. If so, we consider them to be an appropriate
functions x, are taken atomic balancéd,where the primi- set of basis functions to be adopted for molecular RFCA
tive basis functions are taken kinetic balanéebhe large calculations.

£2:05:€Z 920z Arenuer zz
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TABLE IIl. Basis-set contractions shown as “number of primitive functions/sizes of contractions.” Corelike
basis functions are underlined and polarization functions are marked by asterisks.

AE RFCA1 RFCA2 RFCA3

H s+ 5/3,1% 5/1° 5/15 5/1
p—.p+ 1/1* 1/1* 1/1* 1/1*

o] s+ 10/4,18 10/51° 9/4,1° 8/3,1°
p—.p+ 6/3,1° 6/3,1° 6/3,18 6/3,1°
d—,d+ 1/1* 1/1* 1/1* 1/1*

[ s+ 23/4,2,17 21/10,32,31° 18/7,32,313 16/53,2,3,1°
p— 21/5,11¢ 19/9,3,2,1° 16/6,3,2,1° 14/4,3,2,1°
p+ 21/5,1%6 18/83,2,1° 15/5,3,2,1° 13/33,2,1°

d—,d+ 15/3,2,%,1%2 14/7,15,1*2 12/515,1*2 11/4,15,1%2

Th s+ 24/5,2,17 24/11,22,22,21°  19/6222221°  17/4222.2.271
p— 20/6,1%3 1% 20/10,22,2,1%,1* 16/6,2,2,2,13,1* 16/6,2,2,2,13,1*
p+ 20/6,1%3,1* 2010,22,2,13,1* 14/4,2,2,2,1%,1* 14/4,2,2,2,13,1*
d— 16/3,3,1° 16/7,2,3,1* 13/4,2,3,1* 12/3 2,31
d+ 16/3,3,1° 16/7,2,3,14 13/4,2,3,1* 11/2,2,3,1*

f— f+ 12/8,1%4 12/81** 9/5,1* 4 9/5,1*4

D. Size of the small components of valence basis
functions

We should note that other scherfied’ were also pro-
posed for neglectingg9S9g integrals.

In some AE DFR calculations;*?two-electron integrals
involving  only  small-component basis functions®,  E. calculation of matrix elements for core
(x3x%x°x5)=(S39S9, have been neglected completely by Hamiltonian
assuming that they should contribute very little to the total
energy, etc., compared to those involving large-componen
basis functionsy®, (x“x‘|x"x") and those involving both

components, ¥“x"|x>x®). This should lead to an enormous —W :
reduction in computing time for two-electron integrals. How- €/€Ments of the core Hamiltonians defined by H@—(5).
These need at most three-center two-electron integrals in-

ever, this supposition does not hold for integrals involving i h 4 val basis f g q
core basis functions. Table Il shows, with thorium atom as'©!Ving the core and valence basis functiofis; , x,} an

an example, the square norms of large-componght _requi_re consid_erable computing time. To reduce the comp_ut—
(¢ 41), small-componeniS, (45¢S), and their ratios ing tlr_‘ne requwed,_we adopted t.h.e _spectral representation
(S| dS)I( p*| 4. As shown, the ratios for the core orbitals technigue as used in the ponrelat|V|§t|c RFEGA well as the

model and pseudopotential calculatidasid rewrote the po-
tentials arising from théth core as

v () + VT ) =v(Z,— 2/
+ Q[ W(ZY+ V)]0 (8)

Even if we adopted the proposed RFCA and could re-
uce the computing time for two-electron integrals over the
valence basis functionw,} ={xp,xc}, we need the matrix

are fairly large, while those for the valence orbitals are
smaller. This suggests that we can negl&8§69 integrals
involving only valence basis functior{s»,,} in Egs.(2) and
(6). This approximation will be shown to work very well
numerically in the next section.

TABLE IV. Total energies(E) and valence orbital energiée) of basis sets of Table II.

AE RFCA1 RFCA2 RFCA3
H e(1s+) ~0.499 82 ~0.499 82 ~0.499 82 ~0.499 82
o) E —74.820 08 —74.820 08 —74.819 63 —74.817 16
€(25+) ~1.250 94 ~1.250 94 ~1.250 72 ~1.24952

e(2p—) —0.615 64 —0.615 63 —0.615 68 —0.615 93

e(2p+) ~0.614 22 ~0.614 22 ~0.614 26 ~0.61452

[ E —7115.793 08 —7115.793 06 ~7115.789 72 ~7115.761 33

€(55+) —0.876 76 ~0.876 75 -0.876 71 —0.877 26

e(5p—) ~0.430 57 ~0.430 57 ~0.43051 ~0.430 61

e(5p+) -0.388 72 -0.388 72 -0.388 72 -0.387 68

e(4d—) —2.342 40 —2.342 40 —2.34238 —2.344 88

e(4d+) —2.27511 —2.27511 —2.27522 -2.27818

Th E —26510.56112  —26510.56334  —26510.55445  —26510.542 11
e(7s+) ~0.209 33 ~0.209 33 ~0.209 26 ~0.209 11

€(6p—) -1.31721 -1.31720 -1.31528 -1.32084

€(6p+) ~1.001 63 ~1.001 63 -1.00151 ~1.006 20

€(6d—) ~0.222 69 —0.22271 ~0.22276 ~0.22355

€(6d+) ~0.210 40 ~0.210 41 -0.21052 —0.205 40
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TABLE V. Total energiegE) and valence orbital energiée) for HI at internuclear distance of 3.00 a.u.

-E —€(15e1) —€(16ey)) —€(17ey) —€(8egy))
AE 7116.379 55 0.919 65 0.538 59 0.399 75 0.37261
RFCA1 7116.379 47 0.91973 0.538 63 0.399 73 0.372 58
RFCA1+® 7116.379 50 0.91973 0.538 63 0.399 73 0.37258
RFCA1sP 7116.379 50 0.91973 0.538 63 0.399 72 0.37257
RFCA2 7116.376 13 0.91970 0.538 61 0.399 69 0.37258
RFCAZ* 7116.376 15 0.91970 0.538 61 0.399 69 0.372 58
RFCA2sP 7116.376 00 0.919 69 0.538 62 0.399 68 0.372 58
RFCAS3 7116.347 58 0.920 18 0.538 51 0.399 42 0.37159
RFCA3? 7116.347 61 0.920 18 0.538 51 0.399 42 0.37159
RFCA3s? 7116.347 36 0.920 21 0.538 52 0.399 42 0.371 56

8RFCA calculation without $§S9 integrals over valence basis functions.
PRFCA calculation using spectral representations for core Hamiltonians.

The nuclear potential from thih nucleus of nuclear charge 0.191 805 3% were augmented as polarization functions,
Z, on the left hand sidélhs), v|(u)=v(Z,), has been de- and ap-type function of hydrogen with an exponent of 1.0
composed to those on the right hand sides) and the po- was used. For thorium and oxygen, we used the same basis
tential from theZ{°"® core electrons has been sandwiched bysets as in our previous AE calculations on Th@.nuclear

the spectral operators on thé nucleus: model of uniformly charged spheresvas assumed and
atomic masses of 1.0, 16.0, 126.9, and 232.0 were used for
0'= 2 ||0>(S_1)pq<Q|, 9) hydrogen, oxygen, iodine, and thorium, respectively. The
p.qcl speed of light was taken to be 137.037 a.u.

whereS ! is an inverse of the overlap matr&whose ,q) We report three kinds of RFCA calculatiotl®FCA1,
elementS,,=(p|q) is an overlap integral over spectral func- RFCA2, and RFCAS in which we gradually reduce the size
tions |p> and |q> If we evaluate the matrix elements over of the corelike basis functions, and also AE calculations for

the operators on the rhs of E(B), then we do not need to comparison. Table Il shows the details of the basis sets

calculate two- and three-center two-electron integrals andéermed by the atomic-balance scheffeTable IV shows the

could reduce the computing time required to calculate thdotal and valence orbital energies obtained by AE and RFCA

matrix elements of core Hamiltonians. This approximationcalculations. The RFCA energies compare very well with the

will be examined numerically in Sec. IIl. AE results, and reducing the sizes of the corelike bases ap-
peared to have little effect.

I1l. NUMERICAL CALCULATIONS
. B. Molecular total and valence orbital energies
We performed DFR calculations on several molecules to g

test the relativistic RFCA described above. We report here  Tables V and VI show the molecular total and valence

the details of the results for HI and ThO. orbital energies for Hl and ThO at internuclear distances near
. their equilibrium bond lengths. We examined the effect of
A. Basis sets h . . .
neglecting §9S9 integrals over valence basis functions as

We took the exponent parameters of iodine from thedescribed above. The RFCA calculations using this approxi-
atomic DFR Gaussian basis set of Okada and Matstfoka, mation are indicated by asterisks. We also examined the use
which were originally from the well-tempered Gaussian ba-of spectral representation§SR) for calculating the core
sis set of Huzinaga and KlobukowsKiand those of hydro- Hamiltonian(CH) matrices. These are marked bg*in the
gen from Yamamoto and MatsuokdTwo d-type Gaussian tables and will be referred to as SRCH hereafter. The spec-
functions of iodine with exponents of 0.096 515 30 andtral functions adopted for the calculations on HI were the

TABLE VI. Total energies(E) and valence orbital energié€e) for ThO at internuclear distance of 3.48 a.u.

-E —€(26ey)) —€(27ey) —€(28eyp) —€(2%;)) —€(14ey)
AE 26 585.637 08 0.929 34 0.481 38 0.458 84 0.21791 0.475 38
RFCA1 26 585.636 91 0.930 56 0.479 97 0.457 73 0.218 49 0.474 09
RFCAT* 26 585.636 91 0.930 56 0.479 97 0.457 73 0.218 49 0.474 09
RFCA1ls 26 585.645 45 0.930 13 0.478 49 0.461 60 0.218 61 0.471 82
RFCA2 26 585.627 52 0.930 37 0.480 09 0.457 83 0.218 41 0.474 24
RFCAZ* 26 585.627 52 0.930 37 0.480 09 0.457 83 0.218 41 0.474 24
RFCA2s 26 585.636 05 0.929 90 0.478 59 0.461 74 0.218 52 0.471 94
RFCA3 26 585.613 95 0.931 38 0.478 75 0.456 44 0.217 77 0.473 40
RFCA3* 26 585.613 95 0.931 38 0.478 75 0.456 44 0.217 77 0.473 40

RFCA3s 26 585.622 50 0.930 90 0.477 19 0.460 43 0.217 88 0.47110
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-7116.335 T T T T T T T T T TABLE VII. Spectroscopic constants for HI and ThO.

540 RJA] wdem™] Bolcm 1]
: RFCA3s

HI Expt 1.609 2309 6.426
345 | e AE 1.604 2428 6.550
..................... RFCAL 1.605 2426 6.548
’ RFCAT* 1.605 2426 6.548
. 880 E RFCA1s 1.604 2421 6.550
5 RFCA2 1.605 2426 6.548
i RFCAZ 1.605 2426 6.548
@ ST il RFCA2s 1.604 2421 6.549
5 RFCA3 1.606 2422 6.533
T o} il RFCA3* 1.606 2422 6.533
= RFCA3s 1.606 2419 6.538
ThO Expt. 1.840 896 0.333
-365 ] AE 1.874 938 0.321
RFCA1 1.873 923 0.321
370 RFCA2s RFCAT* 1.873 923 0.321
RFCA1s 1.877 869 0.320
RFCA2 1.873 923 0.321
.375 RFCAZ 1.873 923 0.321
RFCAZ2s 1.876 869 0.320
200 , , ] RFCA3 1.880 919 0.319
: o8 09 2.0 a1 52 RFCA3* 1.880 919 0.319
RFCA3s 1.884 864 0.318

Internuclear distance (a.u.)

FIG. 1. Potential curves of HI.

The Appendix gives details of the parameters. Similar results
were obtained in the model potential calculations by
Katsuki?

atomic primitive Gaussians described in the previous subsec- The gradual decrease in the corelike basis sizes has a

tion. For ThO, we tried various spectral functions, includingrather small effect on the energies. NeglectiSfG 9 inte-

the atomic basis functions for the AE and RFCA grals reproduces almost exactly the corresponding RFCA re-

calculations. The best results were obtained using evensults, and thus could be safely adopted in all RFCA calcula-

tempered primitive Gaussians whose exponent parametefigns. The SRCH works well for both HI and ThO.

covered the range of those of the atomic basis functions.

C. Potential curves and spectroscopic constants

The total energies were calculated at several internuclear

-26510.50 : : : : distances. Using four lower energies which bracketed the
TABLE VIII. Average computing timdin secondson IBM RS/6000 model
43P-133.

1-elec. 2-elec. SCF Total
HI AE 0.66 2800 1700 4500

- RFCAL 2200 2600 160 5000

5 RFCAT* 2200 1300 160 3700

< RFCA1ls 7.3 2600 160 2800

= RFCA2 1900 1600 160 3700

5 RFCA2* 1900 800 160 2900

g RFCA2s 6.8 1600 160 1800

& RFCA3 1800 1200 160 3200

RFCA3s o~ S RFCA3 1800 580 160 2500

RFCA3s 6.7 1200 160 1400

ThO AE 2.1 57 000 15 000 72 000
RFCA1 24000 67 000 2200 93000

RFCAT* 24000 36 000 1400 61 000

RFCA1ls 25 67 000 2200 69 000
RFCA2 19 000 32000 2200 53000

RFCA2* 19 000 17 000 1400 37 000

o8 Sf N 3' ) 3'6 3'8 o RFCA2s 22 32000 2200 34000
) ‘ i : RFCA3 18 000 26 000 2200 46 000
Internuclear distance (a.u.) RFCA3* 18 000 14 000 1400 33000
RFCA3s 22 26 000 2200 28 000

FIG. 2. Potential curves of ThO.
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TABLE IX. Even-tempered exponent parametefsg'i=0,..,0—1)}  functions in RFCA reduces the diagonalization time of Fock
used for the spectral functions of ThO. matrices. Thus, RFCA currently requires one half or one

N 5 n third of the total computing time needed for AE calculations.
Although the SRCH approximation gave rather good re-

h N 0.020 772010 1.8243746 40 sults for HI and ThO, in the numerical tests for other mol-
p 0.060 000 000 1.835 422 4 34 : . .
d 0.039 123 150 1.848 967 5 29 ecules it often gave results that were appreciably different
£ 0.059 087 000 1.822 998 2 17 than those obtained by AE and RFCA. Therefore, we think
0 s 0.285 577 66 1.853 5252 24 that the present SRCH method should be improved further
P 0.17355709 1.8044253 1 before it can be safely adopted for any molecule; this is why
d 1.154 1

we did not report the RFCA calculations using the SRCH
without (S9S9 integrals. Improvement of the SRCH ap-
proximation will be investigated in future studies.
points of minimum energy, the equi”brium bond |engR}§ In Conclusion, the proposed relativistic RFCA can re-
the harmonic frequencies,, and the rotational constarlg ~ duce the required computing time and closely reproduce the
were evaluated. Figures 1 and 2 show the potential curve®sults obtained by AE calculations, including total and va-
and Table VII gives the calculated and experiméfitapec-  lence orbital energies and spectroscopic constants. A further
troscopic constants. approximation by neglectingSSS9 integrals involving
The RFCA potentia' curves are exact|y the same as Opnly valence basis functions also works Very We”, but the
almost parallel to those obtained by AE calculations. TheSRCH approximation degrades the accuracy for some mol-
calculations without $9S9 integrals exactly reproduced €cules.
the corresponding RFCA curves, and are therefore not showRppeNDIX

in the figures. Thus, this approximation is justified and could Table IX gives even-tempered Gaussian exponent pa-

always be adopted_. The SRCH worked very well for HI. rameters used for the spectral functions of ThO, as described
However, for ThO it gave harmonic frequencies that were

. A in Sec. Il B.
somewhat different from those of the original RFCA calcu-
lations. It even gave somewhat lower total energies than théy. watanabe and O. Matsuoka, J. Chem. PHy, 3738(1997.
AE calculation, although the potential curves are almost par_ZSee an excellent review article by O. GropeMathods in Computational

: Chemistry edited by S. Wilsor{Plenum, New York, 1987 Vol. 2.
allel. These RFCA and AE calculations gave values that3o_ Matsuoka, J. Chem. Phya6, 6773(1992.

were comparable to experimental valdés. 4y K. Kim, Phys. Rev.154, 17 (1967.
5J. P. Desclaux, At. Data Nucl. Data Tabtk3 311 (1973.
6

IV. DISCUSSION O. Matsuoka, J. Chem. Phy&7, 2271(1992.

L. Visscher, O. Visser, P. J. C. Aerts, H. Merenga, and W. C. Niewpoort,
All of the calculations were performed using an IBM _Comput. Phys. Commurgl, 120 (1994.

. 8Y. Watanabe and O. Matsuoka, Bull. Chem. Soc. &$.1915(1995.
RS/6000 model 43P-133 workstation. Table VIII shows an 9R. E. Stanton and S. Havriliak, J. Chem. P, 1910(1984).

example of timing data shown by two significant figures.i°s. Huzinaga and M. Klobukowski, J. Mol. Struct.: THEOCHEN7, 1
Since these are averages of several calculations and shoul1988.
depend on the programming algorithm and computer, thé'K. G. Dyall, P. R. Taylor, K. Faegri, and H. Partridge, J. Chem. PBgs.
numerical values in Table VIII should be regarded only aslszg%?,iﬁ;l Chem. Phy96, 1210(1992.
indications. As expected, RFCA reduced the computing time3y. s. Lee, Bull. Korean Chem. So€, 480 (1986.
required for two-electron integrals, and neglecti®@3S9  !’K. G. Dyall, Chem. Phys. Lettl96 178(1992.
integrals reduced computing time by one half without any,.L- Pisani and E. Clementi, J. Comput. Chets, 466 (1994.
. 16T, Saue, K. Faegri, T. Helgaker, and O. Gropen, Mol. Pi9f. 937
substantial loss of accuracy. However, these RFCA calcula- 1997
tions still require considerable computing time to calculate!’L. visscher, Theor. Chem. Ac&8, 68 (1997.
one-electron integrals of core Hamiltonians, and the SRCH®S. Okada and O. Matsuoka, J. Chem. Plg5.4193(1989.

. 9 B _
reduces this by a factor of about a hundred or a thousanqeg" lggjl’(?og’aﬁni %h'\g?;“%';aé g;g.sUmv. Electro-Conin23 (1992.
Unexpectedly, RFCA required one-tenth the SCF iterationik p Hyber and G. HerzberdgSonstants of Diatomic Molecule&/an

time as AE calculations; the use of four-component basis Nostrand Reinhold, New York, 1979
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