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The effective nuclear charges (Zeff), which are empirical parameters in an approximate spin-orbit Hamiltonian,
are determined for the first- through third-row transition metal elements by using experimental results for the
fine structure splittings in atomic terms. All calculations use multiconfiguration self-consistent-field (MCSCF)
wave functions, whose active space includesnd and (n + 1)sp orbitals (n is the principal quantum number),
with the effective core potential (ECP) basis sets proposed by Stevens et al., augmented by one set of
polarization f functions. First-order or second-order configuration interaction (FOCI or SOCI) calculations
were also performed in order to understand disagreements between the MCSCF results and the experimental
ones.

1. Introduction

Vibronic and spin-orbit couplings have received much
attention in recent theoretical studies.1-5 Since such couplings
are the major mechanism for electronic transitions between
adiabatic potential energy surfaces with the same or different
spin states, they frequently play an important role in the
estimation of dynamical properties of chemical reactions.
Unfortunately, at present, only a few electronic structure codes
have the capability to estimate such couplings in general
molecular systems.

We have been developing a general code for the estimation
of spin-orbit coupling within a one-electron approximation6-9

in which the neglect of the two-electron terms is compensated
for by introducing a semiempirical parameter, the effective
nuclear charge (Zeff).10-11 R is the fine structure constant, and
L andS are orbital and spin angular momentum operators for
electron i and nucleusA, respectively. The effective nuclear
chargesZeff have previously been determined for the second-
through sixth-row main group elements.10 When effective core
potential (ECP) basis sets are employed, these charges do not
explain the shielding effect of nuclear charges in the traditional
sense, but they are simply empirical parameters to compensate
for the neglect of the two-electron part of the spin-orbit
interaction and the deficiency of the nodeless ECP orbitals. Our
studies provide reliable predictions for spin-orbit splittings in
diatomic molecules, with average errors on the order of 10-
30%. This approximation has been successfully applied to
several small molecular systems.10b,11 Therefore, here, we
propose effective nuclear charges for the first- through third-
row transition metal elements. In subsequent papers, we will

report relativistic potential surfaces of some transition metal
hydrides and oxides, as well as polyatomic molecules.

2. Method of Calculation

The SBKJC12b,cECP basis set is used, augmented with a set
of f polarization functions,13 in order to be consistent with our
previous studies that employed the SBK main group basis sets12a

with a set of d polarization functions.10b,c Even though the
polarization functions are not important for the determination
of the effective nuclear charges in atoms, they will be important
for the description of molecular states.

Multiconfiguration self-consistent-field (MCSCF) wave func-
tions14 are required to describe low-lying degenerate atomic
states of transition metals. The active space for these MCSCF
calculations includesnd and (n + 1)sp orbitals, wheren is the
principal quantum number (n ) 3-5); that is, four semicore
orbitals are frozen and nine orbitals are active. The MCSCF
orbitals are separately optimized for each state of interest (see
the next section) and employed to construct a spin-orbit
configuration interaction (CI) matrix. The spin-orbit CI matrix
includes the state of interest and its MCSCF virtual states (both
same and different spin states); only energetically low-lying
electronic states were included in the matrix, and the size of
each matrix was restricted to be smaller than 350. The
diagonalization of the CI matrix gives the spin-orbit splittings
only for the state of interest. This process is repeated using
orbitals optimized for each specific desired state of the atom.
MCSCF+ second-order CI (SOCI) wave functions were also
used for an estimation of the spin-orbit splittings in several
electronic states. All calculations reported here were carried out
with the quantum chemistry code GAMESS,15 to which new
subroutines were added.

3. Results and Discussion

Spectroscopic data for hydrides have been used to determine
the effective nuclear charges (Zeff) for main group elements.
Since our main purpose is to estimate spin-orbit coupling in
polyatomic molecules, molecular spectroscopic data are ap-
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propriate for the determination of such empirical parameters.10a,b

However, due to the paucity of available spectroscopic data for
transition metal hydrides,16 especially third-row transition metal
hydrides, it is impractical to determineZeff for the transition
metal elements based on molecular data. Since there is more
atomic spectroscopic data for these elements, these are employed
to obtain the empirical parameters.

3.1. Main Group Elements in the Second through Sixth
Row. It is useful to examine the reliability of main groupZeff,
which have been determined on the basis of hydride spectro-
scopic data10a,b for the prediction of spin-orbit splittings in
atomic states. Figure 1 compares the calculated and experimental
energy splittings for 53 low-lying electronic states whose
azimuthal quantum number is nonzero, namely,2P, 3P, 4P, and
a few 2D states (Table 1). Note that S states as well as singlet
states, which are generated as low-lying virtual states in MCSCF
calculations, were also included in the spin-orbit CI matrixes.

An error of more than 30% is found in Li (2P), Be (3P), Ca+

(2P), Sr (3P), Sr+ (2P), Pb (3P), Bi (2D), and Po (3P). The
splittings,3P0-3P1 and3P1-3P2, are in error by more than 30%
in Be and Sr; the error for Tl (2P) is 29%. In Li (2P) and Be
(3P), the spin-orbit splittings themselves are quite small (less
than 10 cm-1); it appears to be difficult to reproduce such small
splittings within the one-electron approximation. Similarly, the
spin-orbit splittings of the lowest2D and 2P states in the N
atom are smaller than 10 cm-1 and are not included in Figure
1.

There is about a 20% error in the calculated splittings for
the lowest3P state of Ca atom, while there is an error of larger
than 30% in the lowest2P state of Ca+ ion. The lowest excited
state in Ca+ ion is 2D (4s13d1), and the2P state is the second
excited state. Therefore, if 3d orbitals are included in the
MCSCF active space and the2D state is added to the spin-
orbit CI matrix, the2P3/2 substate would strongly interact with
2D3/2 and be energetically lifted by spin-orbit interaction. As a

result, a larger splitting energy would be obtained for the2P
state. A similar interaction would occur in Sr (3P) and Sr+ (2P),
whose lowest P states have small energy splittings with an error
of about 60%. As described previously,10b the splittings
calculated in sp space can be unreliable for alkaline earth
compounds, resulting in predictions of spin-orbit splittings for
the alkaline earth elements that are seriously in error. In these
elements, low-lyingns1nd1 states need to be included in spin-
orbit CI matrixes. Unfortunately, the SBK main group basis
set is not appropriate and better (larger) ECP basis sets will be
required to investigate this problem further.

It is difficult to determineZeff for the sixth-row elements since
there is such a small amount of spectroscopic data for sixth-
row atoms and hydrides. We finally have chosenf6 ) 222, where
Zeff(Pb)) Z(Pb)f6 andZ(Pb) is the true nuclear charge of atomic
Pb. This is approximately equal to the value reported previously
for Pb atom.11 Since Tl has a semicore SBK basis set,f6 ) 113
is employed only for Tl atom. Using thesef6 values, we
estimated the spin-orbit splittings for Cs (2P, an error of 20%),
Ba (3P, 21% and 29%), Ba+ (2P, 39%), Tl (2P, 29%), Tl+ (3P,
12% and 9%), Pb (3P, 10 and 32%), Bi (2D, 16%), and Po (3P,
18% and 37%). There is no experimental data available for At
(2P).

Zeff ) 133 for Tl overestimates the splittings of the lowest
atomic2P states, but it does reproduce the experimental splittings
of the lowest3Π state in TlH within an error of less than 5%.
A relatively large error is found in the lowest P states of Ba
and Ba+ atoms; this result is roughly consistent with the results
of Ca and Sr atoms. The predicted3P0-3P1 splitting in atomic
Pb is 10% smaller than the corresponding experimental value,
while the3P1-3P2 gap is larger than the experimental value by
32%. The same trend is found in the lowest3P state of atomic
Po. Since Rydberg states, whose main configuration has a 7s
electron, appear as the third (Po) and fourth (Pb) lowest states
in these elements, it seems that the interaction with the lowest
5S and/or3P Rydberg states strongly stablizes theJ ) 1 or 2
states of the3P valence state.

Disagreement is also found to be somewhat more serious in
higher states, since the contribution of Rydberg states is more
important for these atomic states and Rydberg orbitals have not
been included in the basis set or the active space for these
calculations. In general, it appears that (with a few exceptions)
spin-orbit splittings of atomic states in main group elements
may be predicted within an error of 10-30% if the basis set
and the MCSCF active space are large enough to reasonably
describe the electronic states of interest. For example, the error
in the 3P1-3P2 splitting for the lowest3P state in Pb atom is
reduced from 32% to 25% when the external sp orbitals are
included in the MCSCF active space.

Thus, although the average error in the calculated splittings
is somewhat larger than those in diatomic molecules,10b 66%

Figure 1. Percentage difference between the calculated energy split-
tings and the corresponding experimental ones: (b) lowest electronic
states whose azimuthal quantum number is nonzero; (O) other elec-
tronically excited states.

TABLE 1: Electronic States of Main Group Elementsa

2 3 4 5 6

1 Li (2P) Na (2P) K (2P) Rb (2P) Cs (2P)
2 Be (3P) Mg (3P), Mg+ (2P) Ca (3P), Ca+ (2P) Sr (3P), Sr+ (2P) Ba (3P), Ba+ (2P)
3 B (2P,4P) Al (2P,4P) Ga (2P,4P) In (2P,4P) Tl (2P,4P)
4 C (3P) Si (3P) Ge (3P) Sn (3P) Pb (3P)
5 N (2D,2P,4P) P (2D,2P,4P) As (2D,2P,4P) Sb (2D, 2P) Bi (2D, 2P)

N+ (3P)
6 O (3P) S (3P) Se (3P) Te (3P) Po (3P)

O2+ (3P)
7 F, F2+ (2P) Cl (2P) Br (2P) I (2P) At (2P)

F+, F3+ (3P)

a Row shows the number of valence electrons and the column shows the row number in the periodic table of main group elements.
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of the energy splittings are predicted to be within 20% of the
experimental values, and 83% of the calculated values are within
40% of the experimental values.

3.2. Determination of Zeff for the Transition Metals.
Moore’s spectroscopic data17 have been used to determine the
effective nuclear chargesZeff for transition metal elements.

whereZ(A) is the nuclear charge of atom A andm is the number
of nd and (n + 1)sp electrons. As discussed in the previous
paper,10b SBKJC 3d orbitals are qualitatively similar to correct
3d atomic orbitals, whereas 4d and 5d SBKJC orbitals are
nodeless. As a result,Zeff is smaller than the actual nuclear
charge for the first-row transition elements (f1 < 1), but the
lack of the correct radial nodes means that relatively largeZeff

for the heavier elements are needed to reproduce the experi-
mental atomic splittings.18

Using these values forZeff, the spin-orbit splittings are
predicted for 98 low-lying atomic electronic states whose
electron configurations are (nd)a((n + 1)s)b((n + 1)p)c (a, b,
andc are occupation numbers), in the first- through third-row
transition metal elements (Table 2). The errors in the calculated
splittings are plotted in Figure 2, where 48 states are for the
first row, 26 are for the second row, and 24 are for the third
row. Unfortunately, the MCSCF calculation gives us an incorrect
energetic order of atomic terms in Os, Ir, and Pt so that their

results are excluded from Figure 2. We will discuss these in
the following paragraphs.

The Zeff method appears to be reasonable for low-lying
electronic states, except for Zn, Cd, and Hg (m - 2 ) 10; the
error is larger than 100% in Zn and Cd), since the error in
calculated splittings is generally less than 20% in the lowest
states whose azimuthal quantum number is nonzero. The trend
for excited electronic states is similar to that noted above for
main group elements. As a whole, 70% of the energy splittings
are predicted to be within 20% of the experimental values, and
81% of the calculated values are within 40% of the experimental
values. In the remaining paragraphs of this section, we comment
only on the cases where the results are appreciably in error.

The Zeff values for Fe, Mo, and Pt have been determined
independently.19 The FeZeff of 14.1 found by Heinemann et
al.19 is close to our value (13.91). Solomonik20 reported 213
for the Mo atom, compared with 206.64 in the present work.
Schmidt’s value for Pt (916.5,f3 ) 11.75)21 is smaller than our
value (1176.24,f3 ) 15.08). Heinemann et al. also have
examined the splittings of Pt atom using severalZeff values.22

They concluded, “a scaling parameterZeff between 950 and 1200
reproduces more rigorous treatments of spin-orbit effects on
spectroscopic constants and low-lying excited-state energies in
platinum-containing species in a semiquantitative manner”.

Our MCSCF splittings in Pt atom are not in good agreement
with the experimental ones (not shown in Figure 2); the3D2-
3D1 splitting is almost equal to the experimental value, but an
error of 114% is found for the3D3-3D2 splitting. This may be
due to the inability of the MCSCF calculations to correctly
predict the energetic order of low-lying3D, 3F, 1D, 1S, and3P
states. Experimentally, the ground state in the Pt atom is3D3

and the3D2 and 3F4 substates are very close in energy to the
ground state (the energy differences are only 776 (3D3-3D2)
and 824 (3D3-3F4) cm-1; see Figure 3).

Separate MCSCF calculations for each state predict the
ground state to be3F, with the lowest3D state lying at 1913
cm-1 above the3F state without spin-orbit coupling. This may
be the reason our prediction disagrees with the experimental
results. Second-order CI (SOCI) calculations have also been
performed,23 where the orbitals have been optimized for the
lowest3D state. Since the MCSCF orbitals have been optimized
only for the3D state, the3F state is estimated to be relatively
higher in energy; therefore, the energetic order of several low-
lying electronic states is reasonable in comparison with that
obtained by the MCSCF calculations (Figure 3).24 The
MCSCF+SOCI/SBKJC(f) results suggest that a strong interac-
tion occurs among theJ ) 2 substates; the lowestJ ) 2 state
is obtained as a mixture of1D2 (51%) and3D2 (45%). Likewise,
the second lowestJ ) 2 state consists of3D2 (43%),1D2 (24%),
and 3F2 (15%). The higher states behave in a similar manner.

TABLE 2: Electronic States of Transition Metal Elementsa

1 2 3

3 Sc (2D, 2F, 4F), Sc2+ (2D, 2S,2P) Y (2D, 2P,4F, 4F) La (2D, 2F, 4F, 4P)
4 Ti (3F, 3P,5F), Ti2+ (3F, 3P) Zr (3F, 3P,5F) Hf (3F, 3P,5F)
5 V (4F, 6D), V2+ (2P,2G, 4F, 4P) Nb (2G,2D,4F,4P,4D,6D) Ta (2G, 4F, 4P,6D)
6 Cr (3P,5D, 5G, 5P), Cr2+ (3P,3H, 5D) Mo (5D, 5G) W (3P,3H, 5D)
7 Mn (6D, 8P) Tc (4D, 4P,4F, 6D) Re (4P,4G, 4D, 6D)
8 Fe (3F,3P,5D,5F,5P), Fe2+ (3P,3H, 5D) Ru (3F, 5F, 5D, 5P) Os (3F, 5D, 5F)
9 Co (2F, 4F, 4F), Co2+ (2G, 2H, 4F, 4P) Rh (2D,2F,2P,4F,4P) Ir (2P,2F,2G,4F,4F,4P)

10 Ni (3F, 3D, 3P,5D), Ni2+ (3F, 3P,5F) Pd (3D, 3F, 3P) Pt (3D)
11 Cu (2D, 2P,4P), Cu2+ (2D, 2F, 4F) Ag (2P,2D) Au (2D, 2P)
12 Zn (3P) Cd (3P) Hg (3P)

a Each row gives the number ofnd, (n + 1)s, and (n + 1)p electrons, wheren is the principal quantum number; each column labels the row
number (first, second, or third) in the periodic table of transition metal elements.

Figure 2. Percentage difference between the calculated energy split-
tings and the corresponding experimental ones.m, on the abscissa, is
the number of MCSCF active electrons: (b) lowest electronic states
whose azimuthal quantum number is nonzero; (O) other electronically
excited states. The error is larger than 100% in Zn and Cd.

Zeff(A) ) Z(A)fk

f1 ) 0.385+ 0.025(m - 2) (first-row)

f2 ) 4.680+ 0.060(m - 2) (second-row)

f3 ) 13.960+ 0.140(m - 2) (third-row)

10432 J. Phys. Chem. A, Vol. 102, No. 50, 1998 Koseki et al.



Thus,1D2 strongly interacts with3D2 and3F2. As a result, the
lowest J ) 2 state is considerably affected and the energy
splitting between the lowestJ ) 2 andJ ) 3 states becomes
very small (∼ 50 cm-1).

Similarly, the splitting energy between the lowest4P3/2 and
4P1/2 in the Re atom is overestimated by 39%, even though the
energy splitting between the4P5/2 and 4P3/2 and between the
lowest6D9/2 and6D7/2 is in good agreement with experimental
results (errors of 8% and 3%, respectively). The MCSCF results
without spin-orbit coupling show that the ground state is6S
and the lowest excited state is6D; the lowest 4P state is
calculated to be higher in energy than the lowest4G and4D
states. But, strong spin-orbit coupling makes4P5/2 the first
excited state; this state has components of 33%4P5/2, 25%4D5/2,
15% 4G5/2, and 14%2D5/2, so we have assigned this to4P5/2.
4P3/2 and 4P1/2 also have4D5/2 components of 37% and 31%,
respectively. SOCI calculations lead to essentially the same
results. Thus, there is strong spin-orbit interaction among the
4P, 4G, 4D, 6D, and other low-lying states. It therefore appears
to be necessary to carry out extended MCSCF calculations with
a larger active space, followed by very large spin-orbit CI
calculations. Unfortunately, it is currently impractical to perform
such calculations.

The Zeff calculations do not reproduce the energy splittings
of the lowest5D state in Os and the lowest4F state in Ir, though

the energy splittings between the lowest and the next lowest
substates are close to the experimental ones.17

In atomic Os, spectroscopic observation indicates that theJ
) 2 substate is lower in energy than theJ ) 3 substate of the
lowest 5D, 5F, and3F states (Table 3). The energy difference
between5D3 and5D2 is calculated to be one-fourth that between
5D3 and 5D4, but 5D3 is still lower in energy than5D2 in our
calculations. The MCSCF results show that5D3 and5D4 interact
weakly with other states, while5D2, 5D1, and 5D0 have 3P
components of 10∼20%. Accordingly, it can be said that our
estimation of spin-orbit interactions for the latter three states
is not adequate to describe the correct energetic order of these
spin-mixed states. We have found that dynamic correlation
effects tend to decrease the energy difference between the5D3

and5D2 states23 but still do not give even qualitative agreement
for their energetic order.

In atomic Ir, two low-lying4F states are calculated to be very
close in energy without spin-orbit coupling (the energy
difference between two4F9/2 substates is about 1000 cm-1).
Accordingly, quite strong spin-orbit interaction could occur
between the substates of these electronic states. In fact, the
experiments17 exhibit a strange energetic order ofJ ) 9/2, 3/2,
5/2, 7/2 in the lowest4F state, while the second lowest4F has
“normal” irregular ordering ofJ ) 9/2, 7/2, 5/2, 3/2. The
MCSCF energetic ordering of spin states (Table 4) is quite
different from the experimental one. The MCSCF results
indicate that there is strong interaction between the lowest4F3/2

and2P3/2; the lowestJ ) 3/2 state consists of 34%2P3/2, 33%
4F3/2, and 23%2D3/2, which may be assigned as2P3/2. The second
J ) 3/2 state has 46%4F3/2, 28% 2P3/2, and 24%4P3/2 so that
this would be assigned as4F3/2. If the lowestJ ) 3/2 state is
assigned not to2P3/2 but to4F3/2, then when dynamic correlation
is included via SOCI, the energetic order of the low-lying spin
states is somewhat improved (Table 4), although the secondJ
) 7/2 state is still too high in energy.

Figure 3. Spin-mixed states in atomic Pt: (a) MCSCF/SBKJC(f), (b)
MCSCF+SOCI/SBKJC(f), (c) experimental observation (ref 17).

TABLE 3: Energy Splittings [cm -1] of the Lowest 5D State
in Osa

gap exptl MCSCFb SOCIc

5D4-5D3 -4159.32 -4256.44 -3908.59
5D3-5D2 1418.83 -948.37 -894.69
5D2-5D1 -3025.65 -1574.56 -1464.72
5D1-5D0 -326.65 -638.65 -632.81
5F5-5F4 -3598.91 -3593.83 -3550.39
5F4-5F3 -2635.17 -2902.42 -2851.88
5F3-5F2 1212.02 -2183.80 -2179.80
5F2-5F1 -2854.09 -1549.02 -1389.71

a Negative numbers indicateE(2S+1XJ) > E(2S+1XJ+1). b MCSCF/
SBKJC(f). c MCSCF+SOCI/SBKJC(f).

TABLE 4: Excitation Energy [cm -1] of Low-Lying Spin
States in Atomic Ir

gap exptl MCSCFa SOCIb

14F9/2 0.00 0.00 0.00
24F9/2 2834.98 15182.24 6731.15
14F3/2 4078.94 9071.82 8141.17c

14F5/2 5784.62 9679.79 9201.06
14F7/2 6323.91 6831.39 6558.72
24F7/2 7106.61 20702.94 11942.17
24F5/2 9877.54 26001.17 16500.70
2P3/2 10578.68 13502.40 12789.39c

24F3/2 11831.09 27700.77 17426.12
2P1/2 12505.68 17973.52 16366.93

a MCSCF/SBKJC(f).b MCSCF+SOCI/SBKJC(f).c According to our
calculated results, the lower state mainly has a2P3/2 component, while
14F3/2 is the main configuration in the higher state.
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Thus, when some electronic states are close to each other in
energy and strong spin-orbit interactions exist among their
substates, our MCSCF and MCSCF+SOCI predictions often
become unreliable, even qualitatively, as described in this
section. Extended MCSCF or MCSCF+CI calculations should
be performed for such complicated electronic states. In addition,
more sophisticated investigation beyond the one-electron ap-
proximation may be needed in order to describe such strongly
coupled states. Such situations may occur less frequently in
molecular systems.

3.3. Coinage and Closed-Shell Metals (Groups 11 and 12).
The observed ground state of Cu is2S, but the MCSCF energy
of 2S (3d104s1) is higher in energy than that of2D (3d94s2)
obtained with separate MCSCF calculations for each state, even
though our prediction is reasonable for the splitting of the2D
state (see Table 5). We recalculated the excitation energies and
the spin-orbit splittings of the2D states in the Group 11
elements (Cu, Ag, and Au) at the MCSCF+SOCI level of
calculation.23 The excitation energy is still underestimated in
Cu (Table 5), but the energetic order of states is correct at this
computational level. On the other hand, the spin-orbit splittings
are not affected very much by the improvement of wave
functions and our predictions remain reasonable. The spin-
orbit splittings in the lowest2P states of these atoms are rather
underestimated. The reason for this might be the fact that this
state has a closed d subshell (5d106p1), as discussed below.

Zn, Cd, and Hg could be classified as main group elements,
rather than transition metal elements, since they have closed d
subshells in their ground states. If one employs the main group
scale factors

for the fourth, fifth, and sixth rows of the periodic table, the
predicted spin-orbit splittings for the lowest3P states in Zn,
Cd, and Hg are obtained as listed in Table 6, where the factors
for semicore basis sets are selected10b sincensp andnd orbitals
are included in this ECP basis sets as well as (n + 1)sp orbitals.
The errors in these calculated splittings are dramatically reduced

to less than 30%, supporting the notion that these elements
should be treated as main group elements.

Summary

The one-electronZeff method for predicting spin-orbit
splittings has been successfully used for many low-lying
electronic states of the first- through third-row transition metal
elements, with errors on the order of 30% or less. The
consecutive third row elements Re, Os, Ir, and Pt have larger
errors, which were discussed in some detail, and suggestions
for possible error sources were proposed. It is clear that use of
theZeff appoach for transition metals is more problematic than
in main group elements. In large part, this is due to the
complications arising from the many low-lying states, leading
to greater interactions among levels with the sameJ values. In
some cases, it is necessary to include additional states arising
from other terms or configurations to get more accurate results.
Similar behavior has been observed in recent work on lanthanide
ions25 where it is found necessary to include the interaction with
all states close in energy to the lowest levels in the spin-orbit
Hamiltonian. It is important to add that the large numbers of
interacting states will also cause difficulties for all-electron
calculations, requiring large active spaces and large multi-
reference CI wave functions for that level of theory as well.

The Zeff values determined in this study are applicable only
when d orbitals are important active orbitals in the description
of electronic states. Expanding the MCSCF active space to
include Rydberg orbitals is expected to provide improved spin-
orbit splittings for higher electronic states of both transition
metal and main group elements. Of course, such an expanded
active space will result in very large MCSCF active spaces for
molecular systems; such MCSCF calculations can become very
demanding. Since theZeff approach may not be very reliable
for the heaviest transition elements, we are now performing full
Breit-Pauli calculations on the third-row transition metals and
will compare them with theseZeff results.26 Then, subsequent
papers will report the relativistic potential energy curves for
molecules; we are now very interested in those of some
transition metal hydrides and oxides.
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