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Abstract. Numerical Hartree-Fock (NHF) calculations have been performed for 
332 ground and low-lying excited states of the fifth period atoms Rb through Xe, 
with our special interest in the states arising from the 5s24d m, 5s14d "+ 1, and 5s ° 
4d "+2 configurations of the second row transition metal atoms. Among various 
properties, orbital energies and mean values of r of the outermost orbitals of each 
symmetry are presented as well as total energies. It is discussed in some detail why 
the second row transition metal atoms have a tendency to prefer s~d "+x as the 
ground configuration in contrast to the preferred s2d " configuration in the first row 
transition metal atoms. Our systematic NHF computations reported in this and 
the previous papers conclude that the Hartree-Fock method correctly predicts 
the experimental ground state of the atoms He through Xe with the sole exception 
for Zr. 

Key words: Transition metal atoms - Ground and low-lying excited states - 
Numerical Hartree-Fock approximation 

1. Introduction 

Numerical Hartree-Fock (NHF) calculations have been performed for the ground 
states of many neutral atoms, cations [1-9], and anions [9]. In contrast to the 
ground state, few N H F  results have been published [4, 5, 10-12] for excited states 
of atoms and atomic ions. Recently, we reported systematic NHF results for 
low-lying excited states of the atoms He to Ar [13], K to Kr [14], and cationic 
species from the lanthanide atoms [15]. In the present study, we consider the fifth 
period atoms Rb through Xe with the following configurations: 

Rb: 
Sr: 
Y to Ag: 
Cd: 
In to I: 
Xe: 

5S I, 5p 1, and 4dl; 
5s 1, 5s15p 1 and 5s14dl; 
5s24d m, 5s14d,,+ 1, and 5s°4d"+ 2; 
4dl°5s2, 4dl°5s15p 1, and 4dl°5s15d1; 
5s25p " and 5s15p"+x; 
5s25p 6, 5s25p%s 1, 5sZ5p56p 1, and 5sZ5p55d 1. 



282 T. Koga et al. 

All the present N H F  calculations were performed with an enhanced version of 
MCHF72 [16], and care was taken to ensure that the total energies are accurate 
to nine or more significant figures. Although we have calculated total 332 states 
arising from the above configurations, we give the information on the ground state, 
and the lowest and highest excited states of the respective configurations. 

2. Results and discussion 

Table 1 summarizes the total energies, excitation energies, orbital energies el, and 
mean electron-nucleus distances, (r>i, for the outermost orbitals of each symmetry 
i ( = s, p, d). All values are given in Hartree atomic units. 

2.1. Atoms Rb and Sr 

In the Rb atom, the ground electron configuration is [Kr]5s l, where the 5s orbital 
is diffuse reflecting a large screening effect of the Kr core. As an angular momentum 
of the orbital increases, in which the excited electron moves, the diffuseness largely 
increases. In Sr, the 5p orbital of 5s15p 11p is fairly diffuse in comparison with that 
of 5s l5p l3P .  The broadness of the 5p atomic orbital (AO) in Sr Xp arises from 
a repulsive exchange potential between the 5s and 5p electrons as in cases of Be 2s' 
2pl 1p 1-5, 10, 11, 17, 18], Mg 3si3p 1 ~P [13], and Ca 4s l4pXap [14]. 

2.2. A toms  Y through Cd 

In Fig. 1, we plot the total energy difference (AE) between the lowest state arising 
from rlsl(n - 1)d m+l and that from nsZ(n - 1)din: 

A E  = T E [ n s l ( n  - 1)d m+l] - T E [ n s 2 ( n -  1)d"], (1) 

where TE stands for the total energy and n is a principal quantum number of AOs; 
n = 4 for the first row transition atoms and n = 5 for the second row transition 
atoms. It is seen that for the first row transition metal atoms the lowest state from 
4s23d " is lower than that from 4si3d "+l  except for Cr and Cu. The ground state 
therefore arises from 4s23d m except these two atoms. For the second row transition 
metal atoms, however, the lowest state from 5s13d "+1 is lower than that from 
5sZ4d " except for Y and Mn and the ground state has the configuration of 
5si4d "~+ ~ except for Y, Tc, and Pd: the ground configuration for Pd is 5s°4d 1°. The 
reason is discussed below for the different preference of the ground configurations 
between the first and second row transition metal atoms. 

In Fig. 2, we give the d orbital energies of the lowest states arising from the 
4s23d,,, 4s13d,,+ 1, 5s24d,,, and 5s14d m+ ~ configurations. It is interesting that the 4d 
orbital energies of 5sl4d m+~ are nearly equal to the 3d orbital energies of 4sl3d "+ 1 
Then the Koopmans'  theorem suggests the similarity of the d ionization energies 
in the 5si4d m*~ and 4sa3d m+~ configurations, but this is not true. We have 
calculated ionization energies (IEs) using A S C F  method: 

IE = T E [ n s l ( n  - 1)d"] - T E [ n s l ( n  -- 1)d"+l].  (2) 

Results are shown in Fig. 3 where IEs for K, Ca, Rb, and Sr are defined as 

IE = TE[ns " -1]  - T E [ n s " - l ( n  - 1)d i] (m = 1, 2). (3) 
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Fig. 1. Total energy difference between the 
lowest states from n s 2 ( n  - 1)d" and 
n s l ( n -  1)d m+~ configurations 
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Fig. 2. The d orbital enegies for n s 2 ( n  - t )d" 
and n s l ( n  - 1)d m+ l configurations 

In Fig. 3, we find that the IEs for the second row transition metal atoms are always 
larger than those of the corresponding atoms in the first row transition series. The 
IE difference between the two series of the transition metal atoms increases as we 
move along the period. Thus, the electron in 4d AO is stabler than that in the 3d 
AO in the s ld  "÷ 1 configuration. The sudden decrease of IE at Mn and Tc is due to 
the fact that all the spins of the outermost s and d electrons are parallel in the ionic 
states and the precorrelation effect is larger for the ions than for the corresponding 
neutral atoms. 

We define a screening constant S by 

IE = (Z - S)2/2n 2, (4) 

where Z stands for the nuclear charge. We consider S for 5s and 4d in the field 
generated by 5s~4d " and S for 4s and 3d in the field of 4s~3d ". The IE and 
S obtained from N H F  and experiment 1-19] are given in Fig. 4 and Table 2, where 
the S values are subtracted by 18 and 36 for the first and second row transition 
metal atoms, respectively. We express the screening constant of 4s in 4sZ3d " as 
S4~(4s23d ") or $4~ and that of 5s in 5sZ4d m as Sss(5s24d ")  or Sss. In Fig. 4, the 
screening constants S4s and $5~ are almost parallel and increase linearly as the 
number of the d electrons increases. The smaller values of Ss~-36 than 84s-18 
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Fig. 3. The d ionization energies for 
n s  x ( n  - 1)d m + 1 configurations calculated 
with ASCF 
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Fig. 4. Screening constants for d orbitals of 
n s l ( n  - 1)d "+1 and for s orbitals of 
n s 2 ( n  - 1)d" calculated from the ASCF 
ionization energies. The values 18 and 36 are 
subtracted, respectively, for the fourth- and 
fifth-period atoms 

indicate the incomplete screening of the Kr  core compared with that of the Ar core. 
The N H F  screening constants for 4s and 5s are described by 

S4s(4s23d m) = 17.58 + 0.95m (m = 1-9) (5) 

and 

Ss~(5s24d ") = 35.11 + 0.94m (m = 1-9) (6) 

Next we express the screening constant of 3d in 4s13d m÷l as S3a (4s13d "+ 1) or 
S3a and that of 4d in 5s14d m+ 1 as S4a(5s14d m+ 1) or S4a. The behaviors of S3a and 
S4a are more complicated than S4s and Sss. It is seen in Fig. 4 that the difference 
between $5, and Sac is much smaller than that between $4~ and S3a. At the Mo, Pd, 
and Ag atoms, S4a is almost equal or smaller than $5~, reflecting a larger binding 
(i.e., IE) of the 4d electrons than the 5s electrons. In Fig. 5, we give the differences 
S 3 a -  $4~ and S e a -  $5~. It is seen that S 3 a -  $4~ oscillates around 0.8 and the 
changes in S3a - $4~ are approximately independent of the increase in the nuclear 
charge. On the other hand, S4n - Ss~ has a trend to decrease as the nuclear charge 
increases. We found that N H F  S3a and $4~ are roughly expressed as 

S3a(4s13d m+ a) = Sgs "}- 0.84 (m = 1-9) (7) 
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Fig. 5. Differences of screening constants 
between 4d and 5s and those between 3d and 
4s given by nsl(n - 1)d m core 

and 

S4d(5s14d "+1)  = S5~ + 0.70 - 0.08m (m = 1-9). (8) 

The 3d electron moves in the field of effective charge which is smaller than that of 4s 
by a constant amount,  while the 4d electron moves in the field of effective nuclear 
charge which increases faster than that for 5s as the number of the d electrons 
increases. Since the 4d AO is more diffuse than the 3d AO, the screening effect for 
a 4d electron by the other 4d electrons is smaller than that for a 3d by the other 3ds; 
the screening for 4d increases more slowly than that for 3d, when the number of 
d electrons increases. Thus, the difference between S3d and S4d shown in Eqs. (7) 
and (8) is natural. (See also the line A-B in Fig. 5 which shows the difference of 
the Z dependence between S3d and S4a since that between $4~ and $5~ is almost 
the same.) The growing effective nuclear charge for 4d is expected to reverse the 
energetic order of 5s24d m and 5s14d m+l at some value of m. We here note that the 
effective charge as well as the principal quantum number determines the ionization 
energies. F rom Eq. (4) one obtains the nuclear charge which reverses the energetic 
order of n s l ( n  - 1)d m+l and ns2(n - 1)din: 

Z > nS ( , -1 )d  --  (n --  I)S,~. (9) 

Using Eqs. (6), (8), m = Z - 38, and the relation (9), one may find that the energetic 
order reverses at an a tom with Z = 39.3 and it actually happens at the Zr a tom 
(Z = 40) in Fig. 1. Using (5), (6), m = Z - 20, and (9), on the other hand, one may 
see that 4s13d "+~ never becomes lower than 4sZ3d " so far as we consider the 
neutral first row transition metal atoms. 

The screening constants for s electrons given by experimental IEs in Table 2 are 
described by 

and 

S4s(4s23dm: exptl) = 17.30 + 0.94m 

Sss(5s24dm:  exptl) = 34.59 + 0.94m 

and those for d electrons are roughly expressed as 

(m = 1-9) (10) 

(m = 1-9), (11) 

S 3 d ( 4 s 1 3 d " + l :  exptl) = S4s + 0.82 (m = 1-9) (12) 
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and 

S4~(5s~4dm+l: exptl) = $5~ + 1.02 - 0.09m (m = 1-9). (13) 

Using Eqs. (11), (13), m = Z - 38, and the relation (9), we find that the energetic 
order reverses at an atom with Z = 41.3 and it actually happens at the Nb atom 
(Z = 41; see [19]). The agreement between the N H F  calculations and experiments 
is rather well. We thus confirmed the argument given by the N H F  calculations. 

In order to develop clear discussion, we have above fitted the screening 
constants given in Table 2 to a linear function of the number of electrons m. 
However, the screening constants in Table 2 can be directly used to derive the 
critical nuclear charge. Such results are discussed in the appendix. 

Table 2 shows that the screening from the Ar core is almost complete but that 
from the Kr core is not. We thus summarize the reasons why the second row 
transition metal atoms prefer the configuration 5st4d "+~' 

a) the incomplete screening of the Kr core, and 
b) the smaller screening for 4d which is proportional to the number of 4d electrons 
in the 5s14d m core. 

Concerning sld "+~ and s2d  m configurations, we finally comment that the cal- 
culated ground state for Zr is 5s~4d 3 5F, but 5s24d 2 aF is known to be the ground 
state experimentally [19]. This is only the case where the Hartree-Fock approxima- 
tion fails to predict the true ground state among the atoms He through Xe. 

2.3. Atoms In through Xe 

From the atom In to Xe, the electronic configuration for the ground states is 
5s25p ". We compare the mean value of r, (r>, of the outermost s and p orbitals of 
the atoms of the groups 1, 2, and 13-18 in Table 3. We see that (r)s  and (r>p of the 
atoms in the same group increase as we move from the second to the fifth period 
with the sole exception of a small decrease in <r>~ and <r>p at Ga compared with 
those of A1. We may briefly sum up the trend as 

and 

<r>5~ > <r>as > <r>a~ >> <r>2~, (14) 

<r>sp > <r>4p > <r>av >> <r>2p (15) 

<r>sv - <r>s~ > <r>4p - <r>4~ > <r>3p - <r>3, "> <r>2p - <r>2~. (16) 

In Table 4 we list the excitation energies of the lower excited states of the second 
to the fifth period atoms. It is seen that the excitation energies from ns2np " to 
nslnp "+1 of atoms in the groups 13 and 14 have a local maximum at the fourth 
period atoms as we move down the periodic table. In many cases, excitation 
energies of the remaining groups (1,2,15-18) decrease as the nuclear charge 
increases. 

3. Concluding remarks 

In this paper we developed numerical Hartree-Fock wave function from Rb to Xe. 
Total 332 states were calculated. We discussed why the second row transition metal 
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Table 3. Mean value of r for the atoms with the ground state configuration of ns Inp" (all in a.u.) 

Period 

Group Atoms 2nd 3rd 4th 5th 

<P>ns 
1 Li, Na, K, Rb 3.8737 4.2088 5.2437 5.6319 
2 Be, Mg, Ca, Sr 2.6494 3.2529 4.2185 4.6330 

13 B, A1, Ga, In 1.9771 2.5993 2.4889 2.8445 
14 C, Si, Ge, Sn 1.5893 2.2071 2.2258 2.5859 
15 N, P, As, Sb 1.3323 1.9327 2.0297 2.3902 
16 O, S, Se, Te 1.1420 1.7207 1.8692 2.2280 
17 F, C1, Br, I 1.0011 1.5556 1.7389 2.0944 
18 Ne, Ar, Kr, Xe 0.8921 1.4222 1.6294 1.9810 

<r>., 
13 B, At, Ga, In 2.2048 3.4339 3.4243 3.7780 
14 C, Si, Ge, Sn 1.7145 2.7522 2.8669 3.2483 
15 N, P, As, Sb 1.4096 2.3227 2.5123 2.9011 
16 O, S, Se, Te 1.2322 2.0607 2.2996 2.6914 
17 F, CI, Br, I 1.0848 1.8420 2.1116 2.5018 
18 Ne, Ar, Kr, Xe 0.9653 1.6630 1.9516 2.3380 

( r > , v - ( r > , ,  

13 B, AI, Ga, In 0.2277 0.8346 0.9354 0.9335 
14 C, Si, Ge, Sn 0.1252 0.5451 0.6411 0.6624 
15 N, P, As, Sb 0.0773 0.3900 0.4826 0.5109 
16 O, S, Se, Te 0.0902 0.3400 0.4304 0.4634 
17 F, CI, Br, I 0.0837 0.2864 0.3727 0.4074 
18 Ne, Ar, Kr, Xe 0.0732 0.2408 0.3222 0.3570 

Table 4. Excitation energies from the ground configuration of ns ~ np m (all in a.u.) 

Period 

Group Atoms States 2nd 3rd 4th 5th 

1 Li, Na, K, Rb ns(1) zS 0.00000 0.00000 0.00000 
np(1) 2p 0.06766 0.07250 0.05164 
(n -- 1)d(1) 2D 0.08908 

2 Be, Mg, Ca, Sr ns(2) IS 0.00000 0.00000 0.00000 
ns(1)np(1) ap 0.06152 0.06792 0.06243 

Ip 0.17829 0 .14351  0.10185 
ns(1)(n -- 1)d(1) aD 0.08093 

ID 0.10724 

13 B, A1, Ga, In ns(2)np(1) 2p 0.00000 0.00000 0.00000 
ns(1)np(2) 4p 0.07840 0.08584 0.11237 

2D 0.21719 0.18502 0.21282 
2S 0.28097 0.23146 0.26013 
2p 0.35002 0.27063 0.29707 

0.00000 
0.04737 
0.07740 

0.00000 
0.03494 
0.09079 
0.06115 
0.09039 

0.00000 
0.08582 
0.17677 
0.22045 
0.25251 
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Table 4. (Continued) 
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Period 

Group Atoms States 2nd 3rd 4th 5th 

14 C, SI, Ge, Sn ns(2)np(2) 3p 0.00000 0.00000 0.00000 0.00000 
1D 0.05729 0.03915 0.03838 0.03478 
IS 0.13901 0.09528 0.09335 0.08473 

ns(1)np(3) 5S 0.08940 0.09132 0.11446 0.08102 
3D 0.29425 0.23426 0.25397 0.20488 
3p 0.35090 0.27407 0.29317 0.24021 
ID 0.51900 0.38795 0.40169 0.33501 
3S 0.54650 0.40510 0.41626 0.34650 
ip 0.57283 0.42519 0.43826 0.36811 

15 N, P, As, Sb ns(2)np(3) 4S 0.00000 0.00000 0.00000 0.00000 
2D 0.10476 0.06991 0.06649 0.05910 
2p 0.17283 0.11548 0.10983 0.09767 

ns(1)np(4) 4p 0.41265 0.30226 0.31127 0.24728 
2D 0.61729 0.44114 0.44191 0.36131 
2S 0.71752 0.50945 0.50705 0.41914 
2p 0.81699 0.57578 0.56590 0.46764 

16 O, S, Se, Te ns(2)np(4) 3p 0.00000 0.00000 0.00000 0.00000 
ID 0.08013 0.05254 0.04865 0.04266 
IS 0.19838 0.13022 0.12059 0.10577 

ns(1)np(5) 3p 0.62549 0.42603 0.41609 0.32851 
1p 0.93736 0.63364 0.60419 0.48907 

17 F, CI, Br, I ns(2)np(5) 2p 0.00000 0.00000 0.00000 0.00000 
ns(1)np(6) 2S 0.87811 0.56531 0.52983 0.41572 

18 Ne, Ar, Kr, Xe ns(2)np(6) IS 0.00000 0.00000 0.00000 0.00000 
ns(2)np(5)(n + 1)s(1) 3p 0.55478 0.40077 0.35343 0.30878 

Ip 0.56089 0.40676 0.35958 0.31412 
ns(2)np(5)(n+ 1)p(1) 3S 0.61509 0.44139 0.39058 0.33801 

3D 0.62107 0.44906 0.39859 0.34626 
ID 0.62283 0.45082 0.40031 0.34791 
IS 0.62729 0.45335 0.40205 0.34889 
3p 0.62442 0.45331 0.40300 0.35080 
xp 0.62442 0.45331 0.40300 0.35080 

ns(2)np(5)nd(t) 3p 0.47882 0.41963 0.34719 
3F 0.48244 0.42466 0.35716 
1F 0.48455 0.42788 0.36555 
3D 0.48636 0.43029 0.36881 
1D 0.48636 0.43029 0.36881 
Ip 0.48649 0.43102 0.37284 

atoms prefer the configuration 5s14d m-1. The reasons are: (a) the incomplete 
screening of the Kr core and (b) the smaller screening for 4d which is proportional 
to the number of 4d electrons in the 5s14d " core. 

In atomic and molecular calculations, we often use analytical approximations 
of Hartree-Fock wave functions. The excitation energies, the mean distance of 
r given in this paper, the electron affinities, and the ionization energies given in 
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Fig. 6. Nuclear charge which gives n s l ( n  - 1)d m+l stabler than n s 2 ( n  - 1)d". a) For Sc to Cu. b) For 
Y to Ag 

the previous papers [9, 13-15] would be useful for constructing the basis sets for 
molecules including the transition metal atoms. Full details of the present results 
are available on 3.5 in diskettes upon request to TK or HT. 
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Appendix 

The critical nuclear charge specified by the inequality (9) can also be directly 
calculated from the screening constants given in Table 2. The results are depicted 
in Fig. 6. For the first transition metal atoms, the NHF and experimental 
screening constants give the same stable configurations with the sole exception 
of Ni which will be explained below; in most cases 4s23d " is stabler than 
4s13d "+1. The results confirm what we have discussed in the main text. One 
may wonder why Ni 4s13d 9 is stabler than 4s23d s in experiment although 
the experimental ground configuration is 4s23d s. Moore [19] gives the ground 
state as 4sZ3dS3F4. Even if one adopts the gravity of the energetic states 
generated from the same spatial and spin configuration with different total 
angular momentum, ordinary the ground configuration does not change. In Ni, 
however, the gravity of 4s23d s 3F4, 3F3, and 3F2 in 240 cm -1 higher than that of 
4s13d93D3, 3Dz, and 3Da. So far as we discuss the electronic structure under the LS 
coupling scheme, we may change the experimental ground configuration from 3F 
to 3D. 

In the second row transition metal atoms, the calculated nuclear charge which 
satisfies the relation (9) always predicts that 5s~4d m+ ~ is stabler than 5s24d m except 
for Y and Tc (see Fig. 6b). Except for Tc, this is what we concluded in the main text 
based on a fitting of screening constants S to a linear function of number electrons 
m. We thus see good agreement between the NHF calculations and experiment, 
confirming again the discussion in the main text. 
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