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Effective Nuclear Charges for the First- through Third-Row Transition Metal Elements in
Spin—Orbit Calculations

Shiro Koseki,*™ Michael W. Schmidt,* and Mark S. Gordon* #

Chemistry Department for Materials, Faculty of Engineering, Mie dénsity, Tsu 514, Japan, and Department
of Chemistry, lowa State Usersity, Ames, lowa 50011

Receied: August 21, 1998; In Final Form: October 20, 1998

The effective nuclear chargea.f), which are empirical parameters in an approximate-spibit 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 includdsand 6 + 1)sp orbitals f 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 report relativistic potential surfaces of some transition metal

Vibronic and spir-orbit couplings have received much hydrides and oxides, as well as polyatomic molecules.

attention in recent theoretical studies.Since such couplings
are the major mechanism for electronic transitions between
adiabatic potential energy surfaces with the same or different  The SBKJG2CECP basis set is used, augmented with a set
spin states, they frequently play an important role in the of f polarization functiong? in order to be consistent with our
estimation of dynamical properties of chemical reactions. previous studies that employed the SBK main group basi¥sets
Unfortunately, at present, only a few electronic structure codes with a set of d polarization functiori§®¢ Even though the
have the capability to estimate such couplings in general polarization functions are not important for the determination

2. Method of Calculation

molecular systems. of the effective nuclear charges in atoms, they will be important
We have been developing a general code for the estimationfor the description of molecular states.
of spin—orbit coupling within a one-electron approximatfoh Multiconfiguration self-consistent-field (MCSCF) wave func-
tions'# are required to describe low-lying degenerate atomic
o2 Zex(A) states of transition metals. The active space for these MCSCF
Ho~ — z Z LiaS calculations includesd and 6 + 1)sp orbitals, whera is the
24 r; principal quantum numbem(= 3-5); that is, four semicore

orbitals are frozen and nine orbitals are active. The MCSCF

in which the neglect of the two-electron terms is compensated Orbitals are separately optimized for each state of interest (see
for by introducing a semiempirical parameter, the effective the next section) and employed to construct a -spirbit
nuclear chargeZ).1%1* o is the fine structure constant, and configuration interaction (CI) matrix. The spiorbit Cl matrix

L andS are orbital and Spin angular momentum Operators for includes the state of interest and its MCSCF virtual states (both
electroni and nucleusA, respectively. The effective nuclear same and different spin states); only energetically low-lying
Chargeszeﬂ have previous]y been determined for the second- electronic states were included in the matriX, and the size of
through sixth-row main group elemerfWhen effective core each matrix was restricted to be smaller than 350. The
potential (ECP) basis sets are employed, these charges do nofliagonalization of the Cl matrix gives the spiorbit splittings
explain the shielding effect of nuclear charges in the traditional only for the state of interest. This process is repeated using
sense, but they are s|mp|y empirica| parameters to Compensaté)rbitals optimized for each SpeCifiC desired state of the atom.

for the neglect of the two-electron part of the sporbit MCSCF + second-order CI (SOCI) wave functions were also
interaction and the deficiency of the nodeless ECP orbitals. Our used for an estimation of the sptorbit splittings in several
studies provide reliable predictions for spiorbit splittings in electronic states. All calculations reported here were carried out

diatomic molecules, with average errors on the order of 10 With the quantum chemistry code GAMESSto which new
30%. This approximation has been successfully applied to subroutines were added.

several small molecular systed?8:!* Therefore, here, we

propose effective nuclear charges for the first- through third- 3. Results and Discussion

row transition metal elements. In subsequent papers, we will Spectroscopic data for hydrides have been used to determine

* To whom correspondence should be addressed. th.e effective r.mCIear Chqrgeze&) .for maln.grpup ele.ments'
t Mie University. Since our main purpose is to estimate spimbit coupling in
*lowa State University. polyatomic molecules, molecular spectroscopic data are ap-
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100 result, a larger splitting energy would be obtained for Re
state. A similar interaction would occur in SP) and St (2P),
whose lowest P states have small energy splittings with an error
of about 60%. As described previousfp, the splittings
calculated in sp space can be unreliable for alkaline earth

Po compounds, resulting in predictions of spiorbit splittings for
the alkaline earth elements that are seriously in error. In these
elements, low-lyinqis!nd! states need to be included in spin

L] orbit ClI 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.
Number of Valence Electrons It is difficult to determineZe for the sixth-row elements since

Figure 1. Percentage difference between the calculated energy split- there is such a small amount of spectroscopic data for sixth-

tings and the corresponding experimental ond} Iowest electronic row atoms and hydrides. We finally have cho&ewn 222, where

states whose azimuthal quantum number is nonzéwother elec- Ze#(Pb)= Z(Pb¥s andZ(Pb) is the true nuclear charge of atomic
tronically excited states. Pb. This is approximately equal to the value reported previously

for Pb atomt! Since Tl has a semicore SBK basis et 113

is employed only for Tl atom. Using thesg values, we

estimated the spirorbit splittings for Cs{P, an error of 20%),
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propriate for the determination of such empirical paramétéfs.
However, due to the paucity of available spectroscopic data for

transition metal hydride®$ especially third-row transition metal Ba CP, 21% and 29%), Ba(?P, 39%), T 2P, 29%), Tt (3P,

hydrides, it is impractical to determing&s for the transition o o o . o
metal elements based on molecular data. Since there is more;;/o and 9%), PbP, 10 and 32%), Bi*D, 16%), and Po%p,

. ; 8% and 37%). There is no experimental data available for At
atomic spectroscopic data for these elements, these are employe

to obtain the empirical parameters. P) . .
3.1. Main Group Elements in the Second through Sixth Zeo = 133 for Tl overestimates the splittings of the lowest

L X . o
Row. It is useful to examine the reliability of main gros, atomic?P states, but it does reproduce the experimental splittings

which have been determined on the basis of hydride Spectro_of the lowestIT state in TIH within an error of less than 5%.
scopic dat#Pab for the prediction of spirorbit splitings in A relatively large error is found in the lowest P states of Ba

atomic states. Figure 1 compares the calculated and experimentafd B& atoms; this result is roughly c?nsistgn_t with the results
energy splittings for 53 low-lying electronic states whose of C_:a and Sr atoms. The predictéh— Pl. splitting In atomic
azimuthal quantum number is nonzero, nama; 3P, P, and Pb.IS 10% smaller tha_m the corresponding e>_<per|mental value,
a few2D states (Table 1). Note that S states as well as singlet While the®P1—%P; gap is larger than the experimental value by

states, which are generated as low-lying virtual states in MCSCF 32%.: The same trend is found in the lowéBtstate of atomic
calculations, were also included in the sprbit Cl matrixes. Po. Since Rydberg states, whose main configuration has a 7s

An error of more than 30% is found in L#®), Be EP), Ca electron, appear as the third (Po) and fourth (Pb) lowest states
(P), Sr EP), St (2P), Pb PP), Bi D), and Po {P). The in these elements, it seems that the interaction with the lowest
splittings, 3Py—3P, and3P,—3P;, are in error by more than 30% 5S and/or’P Rydberg states strongly stablizes the= 1 or 2
in Be and Sr; the error for TI?P) is 29%. In Li ¢P) and Be statgs of theP vqlence state. o
(3P), the spir-orbit splittings themselves are quite small (less ~ Disagreement is also found to be somewhat more serious in
than 10 cm?); it appears to be difficult to reproduce such small higher states, since the contribution of Rydberg states is more
splittings within the one-electron approximation. Similarly, the important for these atomic states and Rydberg orbitals have not
spin—orbit splittings of the lowestD and 2P states in the N been included in the basis set or the active space for these
atom are smaller than 10 crhand are not included in Figure ~ calculations. In general, it appears that (with a few exceptions)
1. spin—orbit splittings of atomic states in main group elements

There is about a 20% error in the calculated splittings for may be predicted within an error of #B0% if the basis set
the lowes8P state of Ca atom, while there is an error of larger and the MCSCF active space are large enough to reasonably
than 30% in the lowesP state of Caion. The lowest excited  describe the electronic states of interest. For example, the error
state in Ca ion is 2D (4st3dl), and the?P state is the second  in the 3P1—3P, splitting for the lowestfP state in Pb atom is
excited state. Therefore, if 3d orbitals are included in the reduced from 32% to 25% when the external sp orbitals are
MCSCF active space and tR® state is added to the spin  included in the MCSCF active space.
orbit CI matrix, thePs;, substate would strongly interact with Thus, although the average error in the calculated splittings
2D31, and be energetically lifted by spiorbit interaction. As a is somewhat larger than those in diatomic molectte$6%

TABLE 1: Electronic States of Main Group Elements®

2 3 4 5 6
1 Li (2P) Na gP) K @P) Rb ¢P) CstP)
2 Be €P) Mg @P), Mg (2P) CafP), Ca (?P) Sr €P), St (%P) Ba 6P), Ba (*P)
3 B P,*P) Al (?P,*P) Ga tP,*P) In €P,*P) TI @P,P)
4 CeP) Si 6P) Ge tP) Sn tP) Pb P)
5 N (D 2P /P) P ED,2P/P) As €D 2P?P) Sh D, 2P) Bi @D, 2P)
N* (°P)
6 O ¢P) S ¢P) Se tP) Te €P) Po ¢P)
0% (°P)
7 F, P+ (3P) clep) Br @P) | @P) At @P)
F+, F3+ (3P)

a2 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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TABLE 2: Electronic States of Transition Metal Elements?

Koseki et al.

1 2 3
3 Sc €D, ?F, °F), S&* (%D, 2S,2P) Y (D, 2P,F, F) La (D, 2F, *F, “P)
4 Ti (3F, P, 5F), Ti2* (°F, °P) Zr GF, %P, 5F) Hf (F, 3P, 5F)
5 V (*F, D), V2* (%P, 2G, °F, “P) Nb €G2D,*F,*PD,’D) Ta (G, “F, P, D)
6 Cr (P, 5D, 5G, P), CF* (3P, 3H, °D) Mo (°D, 5G) W (P, 3H, °D)
7 Mn (°D, ¢P) Tc €D, *P,*F, °D) Re (P,“G, ‘D, °D)
8 Fe €F,3P 5D,5F 5P), Fé* (3P, %H, °D) Ru €F, °F, 5D, 5P) Os ¢F, D, 5F)
9 Co @F,“F,*F), C&* (%G, 2H, F, P) Rh D ,2F 2P /F,%P) Ir (P 2F 2G /F*F *P)
10 Ni @F, %D, 3P, D), Ni2* (°F, P, 5F) Pd €D, %, 3P) Pt £D)
11 Cu €D, 2P,*P), Ci#' (%D, 2F, “F) Ag (%P, D) Au (2D, 2P)
12 Zn ¢P) cd ¢P) Hg P)

aEach row gives the number ofl, (n + 1)s, and ( + 1)p electrons, whera is the principal quantum number; each column labels the row

number (first, second, or third) in the periodic table of transition metal
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Figure 2. Percentage difference between the calculated energy split-
tings and the corresponding experimental omeson the abscissa, is
the number of MCSCF active electrong®)(lowest electronic states
whose azimuthal quantum number is nonze®@); ¢ther electronically
excited states. The error is larger than 100% in Zn and Cd.
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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 Z¢t for the Transition Metals.
Moore’s spectroscopic ddfahave been used to determine the
effective nuclear charge&y for transition metal elements.

Z.(A) = Z(A,

f, = 0.385+ 0.025m — 2) (first-row)
f, = 4.680+ 0.060(Mm — 2) (second-row)
f, = 13.960+ 0.140(n — 2) (third-row)

whereZ(A) is the nuclear charge of atom A antis the number

of nd and (0 + 1)sp electrons. As discussed in the previous
paperi®® SBKJC 3d orbitals are qualitatively similar to correct
3d atomic orbitals, whereas 4d and 5d SBKJC orbitals are
nodeless. As a resulZes is smaller than the actual nuclear
charge for the first-row transition elements € 1), but the
lack of the correct radial nodes means that relatively l&ge

| elements.

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

The Zs method appears to be reasonable for low-lying
electronic states, except for Zn, Cd, and Hy-{ 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 Ze values for Fe, Mo, and Pt have been determined
independently? The FeZ of 14.1 found by Heinemann et
all® is close to our value (13.91). Solomoffikeported 213
for the Mo atom, compared with 206.64 in the present work.
Schmidt’s value for Pt (916.%; = 11.75%% is smaller than our
value (1176.24.f3 15.08). Heinemann et al. also have
examined the splittings of Pt atom using sevetal values??
They concluded, “a scaling parameZgy between 950 and 1200
reproduces more rigorous treatments of spnbit effects on
spectroscopic constants and low-lying excited-state energies in
platinum-containing species in a semiquantitative manner”.

Our MCSCEF splittings in Pt atom are not in good agreement
with the experimental ones (not shown in Figure 2); g—
3D, splitting is almost equal to the experimental value, but an
error of 114% is found for théDz—3D, splitting. This may be
due to the inability of the MCSCF calculations to correctly
predict the energetic order of low-lyim®, 3F, 1D, 1S, and®P
states. Experimentally, the ground state in the Pt atofDis
and the®D, and®F, substates are very close in energy to the
ground state (the energy differences are only PD-3D,)
and 824 ¥D3—3F,;) cm™1; see Figure 3).

Separate MCSCF calculations for each state predict the
ground state to béF, with the lowestD state lying at 1913
cm~1 above théF state without spirorbit coupling. This may
be the reason our prediction disagrees with the experimental
results. Second-order Cl (SOCI) calculations have also been

for the heavier elements are needed to reproduce the experiperformed?® where the orbitals have been optimized for the

mental atomic splitting$?

Using these values foFes, the spin-orbit splittings are
predicted for 98 low-lying atomic electronic states whose
electron configurations arend)®((n + 1)sP((n + 1)p¥ (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

lowest3D state. Since the MCSCF orbitals have been optimized
only for the®D state, the’F 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 28)The
MCSCH-SOCI/SBKJC(f) results suggest that a strong interac-
tion occurs among thé = 2 substates; the lowedt= 2 state

is obtained as a mixture éD, (51%) and®D, (45%). Likewise,

the second loweskt= 2 state consists 6D, (43%),1D, (24%),
and?®F; (15%). The higher states behave in a similar manner.
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Figure 3. Spin-mixed states in atomic Pt: (a) MCSCF/SBKJC(f), (b)
MCSCH-SOCI/SBKJC(f), (c) experimental observation (ref 17).

Thus,'D; strongly interacts witfD, and3F,. As a result, the
lowestJ = 2 state is considerably affected and the energy
splitting between the lowest = 2 andJ = 3 states becomes

J=2
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very small ¢ 50 cnT?).

Similarly, the splitting energy between the lowéBt, and
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TABLE 3: Energy Splittings [cm ~1] of the Lowest °D State
in Os?

gap exptl MCSCE SOCF
5D4—5Ds —4159.32 —4256.44 —3908.59
5D3—°D;, 1418.83 —948.37 —894.69
5D,—5Dy —3025.65 —1574.56 —1464.72
5D1—5Dg —326.65 —638.65 —632.81
SFs—5F, —3598.91 —3593.83 —3550.39
SF4—5F3 —2635.17 —2902.42 —2851.88
SF3—5F, 1212.02 —2183.80 —2179.80
SF—5F; —2854.09 —1549.02 —1389.71

aNegative numbers indicatE(*5*1X;) > E(®™Xj11). P MCSCF/
SBKJC(f).¢ MCSCH-SOCI/SBKJC(f).

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

gap exptl MCSCE SOcCP

1*Fgp2 0.00 0.00 0.00

2*Farz 2834.98 15182.24 6731.15
1*F3p 4078.94 9071.82 8141.17
1%Fsp 5784.62 9679.79 9201.06
14F7), 6323.91 6831.39 6558.72
2°F12 7106.61 20702.94 11942.17
2%Fsp2 9877.54 26001.17 16500.70
2Py, 10578.68 13502.40 1278939
2%Fap 11831.09 27700.77 17426.12
2Py, 12505.68 17973.52 16366.93

aMCSCF/SBKJC(f).> MCSCH-SOCI/SBKJC(f).c According to our
calculated results, the lower state mainly h&®s component, while
1%F52 is the main configuration in the higher state.

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

In atomic Os, spectroscopic observation indicates thadthe
= 2 substate is lower in energy than the= 3 substate of the
lowest®D, 5F, and®F states (Table 3). The energy difference
betweerPD; and®D is calculated to be one-fourth that between
5D3 and®Dy, but®Djs is still lower in energy thar®D, in our
calculations. The MCSCF results show tPag and®D, interact
weakly with other states, whil€D,, °D;, and Dy have 3P
components of 1820%. Accordingly, it can be said that our
estimation of spir-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 betweetbthe
and®D; stated? but still do not give even qualitative agreement

4Py in the Re atom is overestimated by 39%, even though the for their energetic order.

energy splitting between th#Ps;, and *Ps;; and between the
lowest®Dgj, and®D-; is in good agreement with experimental

In atomic Ir, two low-lying*F states are calculated to be very
close in energy without spirorbit coupling (the energy

results (errors of 8% and 3%, respectively). The MCSCF resullts gifference between twdFs, substates is about 1000 CH).

without spin-orbit coupling show that the ground state’%
and the lowest excited state f; the lowest*P state is
calculated to be higher in energy than the low&stand“D
states. But, strong spirorbit coupling makes'Ps;, the first
excited state; this state has components of 38%, 25%“Ds,,
15% “Gsjp, and 14%?2?Dsj,, so we have assigned this 4Bs),.
4P32 and “Py; also have'Ds;, components of 37% and 31%,

Accordingly, quite strong spinorbit interaction could occur
between the substates of these electronic states. In fact, the
experiment¥ exhibit a strange energetic orderdbf 9/2, 3/2,

5/2, 7/2 in the lowestF state, while the second lowet has
“normal” irregular ordering ofd = 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

respectively. SOCI calculations lead to essentially the sameindicate that there is strong interaction between the lodest

results. Thus, there is strong spiarbit interaction among the

and?Ps,; the lowest) = 3/2 state consists of 349, 33%

*P,“G, “D, °D, and other low-lying states. It therefore appears 4, and 23%¢Ds, which may be assigned &.. The second
to be necessary to carry out extended MCSCF calculations with 3 = 3/2 state has 46%Fs,, 28% 2P, and 24%Ps, so that

a larger active space, followed by very large spambit ClI
calculations. Unfortunately, it is currently impractical to perform

such calculations.

The Ze calculations do not reproduce the energy splittings
of the lowes®D state in Os and the lowe#t state in Ir, though

this would be assigned d83,. If the lowestd = 3/2 state is
assigned not t8Ps/, but to*Fsj,, then when dynamic correlation
is included via SOCI, the energetic order of the low-lying spin
states is somewhat improved (Table 4), although the sedond
= 7/2 state is still too high in energy.
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TABLE 5: Energy Splittings [cm ~] of the Lowest?D State to less than 30%, supporting the notion that these elements
in Cu, Ag, and Au should be treated as main group elements.
atom state exptl MCSGCF SOcCP
Ccu 2S5 0.000 0.00 0.00 Summary
?Ds2 11202.565  —4342.78 3898.71 The one-electronZey method for predicting spirorbit
Dgp, 13245.423 —2278.42 5940.35 [ ;
splittings has been successfully used for many low-lying
AE® 2042.858 2064.36 2041.64 . . . -,
Ag 2 0.00 0.00 0.00 electronic states of the first- through third-row transition metal
Dy 30242.26 25029.82 26746.55 elements, with errors on the order of 30% or less. The
Dapp 34714.16 29511.02 31191.69 consecutive third row elements Re, Os, Ir, and Pt have larger
2AE° 4471.90 4481.20 4445.14 errors, which were discussed in some detail, and suggestions
Au Suz 0.0 0.00 0.00 for possible error sources were proposed. It is clear that use of
“Dsr2 9161.3 4850.84 6321.61 the Ze appoach for transition metals is more problematic than
2Dy 21435.3 16964.29 18359.07 the Zeit app Pre
AE® 12274.0 12113.45 12037.46 in main group elements. In large part, this is due to the

complications arising from the many low-lying states, leading

b = 2
* MCSCF/SBKJIC().” MCSCFSOCISBKIC(7) © AE = E(*Dan) to greater interactions among levels with the sakwalues. In

~ E(Dsa). some cases, it is hecessary to include additional states arising
TABLE 6: Spin —Orbit Splittings in the Lowest 3P States of from other terms or configurations to get more accurate results.
Zn, Cd, and Hg Similar behavior has been observed in recent work on lanthanide
zn cd Hg iong>where it is found necessary to include the interaction with
Zon 330 1584 9040 all stgtes_close in energy to the lowest levels in the spitit
state 3Py—3P, P,—3P, 3P—3P, 3PP, Py—3P, P,—P, Hamiltonian. It is important to add that the large numbers of
calculated 162.03 491.59 459.69 1434.69 2156.42 5266.88 interacting states will also cause difficulties for all-electron
exptl 190.08 388.93 542.11 1170.87 1767.22 4630.68 calculations, requiring large active spaces and large multi-
error [%] 15 26 15 23 22 14 reference Cl wave functions for that level of theory as well.

The Ze values determined in this study are applicable only
Thus, when some electronic states are close to each other invhen d orbitals are important active orbitals in the description
energy and strong spirorbit interactions exist among their  of electronic states. Expanding the MCSCF active space to
substates, our MCSCF and MCSE8OCI predictions often  include Rydberg orbitals is expected to provide improved-spin
become unreliable, even qualitatively, as described in this orbit splittings for higher electronic states of both transition
section. Extended MCSCF or MCS€EI calculations should metal and main group elements. Of course, such an expanded
be performed for such complicated electronic states. In addition, active space will result in very large MCSCF active spaces for
more sophisticated investigation beyond the one-electron ap-molecular systems; such MCSCF calculations can become very
proximation may be needed in order to describe such strongly demanding. Since thE«; approach may not be very reliable
coupled states. Such situations may occur less frequently infor the heaviest transition elements, we are now performing full
molecular systems. Breit—Pauli calculations on the third-row transition metals and
3.3. Coinage and Closed-Shell Metals (Groups 11 and 12).  will compare them with thes&e results?® Then, subsequent
The observed ground state of Cl?& but the MCSCF energy  papers will report the relativistic potential energy curves for
of 2S (3d%4s) is higher in energy than that 6D (3d%4<) molecules; we are now very interested in those of some
obtained with separate MCSCEF calculations for each state, everntransition metal hydrides and oxides.
though our prediction is reasonable for the splitting of ¥Be
state (see Table 5). We recalculated the excitation energies and Acknowledgment. Financial support from a grant-in-aid for
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