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SLATER-CONDON PARAMETERS POR ATOMS AND IONS OF THE 

FIRST TRANSLTION PERIOD* 

E. TONDELLO, G. DE ~~C~El~~~, L. OLFZARI ANI3 L. DI SWiO 

Isriruro di Chimfca Generole, University of Podova (Italy) 

One of the most cha~~t~risti~ aspects of the ~rni~mpi~~l rnoI~ul~r orbital 
theory is the introduction of quantities ~timated from the valence states of atoms 
or ions, instead of the employment of theoretical one-centre integrals’-“s. These 
quantities take into account, at least to a certain degree, the intra-atomic electron 
correlation and ‘ve the actual electrone tivity of atoms as a function of the 
orbital occupati 

As it is well known, the valence state5-’ can be assumed as formed by 
removing from an atom in a molecule in an adiabatic manner all other atoms 
with their electrons, without allowing any electronic rearrangcmcnt. In such a 
state the electrons have random spin distribution. Thus, it is possible to Wculate 
valence state energies using spectroscopic data, when St~t~r~ondon 
(SCP) are known. Therefore, since the evaluation of ~rn~~mpiri~l i 
to be made from the valence state energies, their values depend upon 

The theory of atomic spectra developed by Slater”*-’ provides approximate 
expressions for the energy terms of ;\;oms or ions as functions of certain coulomb 
and exchange integrals represented by the etcrs Fk and Gk. These parameters 
may be evaluated ~pi~~l~y only if the rum of the atom or the ion is suf- 

ted. The parameters val commonly determined by a least 
f the available spectroscopic data to the theoretical equations. 

* noticed :hat the SCP’s are diffcrcnt in different configurations of 
the same atom and, therefore, it seems n &*s and the G+‘s have 
to be evaluated for each ~o~~~uration. But, in this the number of Slater 
expressions are not always suthcient to atTord such culations. Con~uently, 
different configurations have to be pooled: the transition metals be100 
a case. 

H ’ (H.J.) investigated the uncertainties introduced by fitting 
various and ~~~ulat~ ~te~~ve SCP’s for the first transition series 

metals. They and other authofs12 include that the approximations in the Slater 
theory bear an accuracy of the same order of magnitude as the further approxima- 
tion introduced by the pooling of data from several configurations. Nevertheless, 

+ This woe has n supported by the Italian National Research Council (C.N.B.), Centro 
Nazbnalc di Chknka d&c Radbmkmi c dci Radioelemcnti, Sezkmo di Padova. 
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dete~~~t manner to the s troscopic energy levels, one can assume that the 
Fa(dd)jF,(dd) and G,(pd)/G,(pd) ratios are those of hydro 

Stuter-Condon purumerers catctitarions 

Slatcr’s taco, d on the central ld ~pp~~m~tion, the 
ener roscopic term of an atom is given by the cxp 

E = C Q&) + $ {~(~~~~~~,~~; ~~~l,~~,s,) - ~(n~l~m~*$‘; n@ (1) 
f-1 t>l 

where N denote the total nu r of e~~t~uns; n, 1, m,, s are the quantum num- 
bers; 1(n,lJ the kinetic and coulomb ever of the i* electroa; and, J and K, 
respectively, the coulomb and exchange integrals between the iti andjfb electrons. 
Expanding J and K integrals into spherical harmonics, expression (1) reduces to : 

where akt k$ and 6 are obt~~~d by di t inte~~tjo~ of the an 

P 16* ~~1~ Fk and Gk d al part of the J and 

Slate~‘s procedure xpression (21, to the sp 
terms of au atom or system of equa ti 

is linear with I, & and Gk. Nevertheless, it is convenient to rewrite expres- 
sion (2), keeping in mind that when one applies it to the terms belonging to the 

n, integrals with the same coefficients a as in each energy term 

o not ~~t~ib~te to ene en t~rrn$. All these 
united in the F%‘(X) instant vatut% 

&@I = cy(4 + c (e~~~~d~G~ (3) 
t 

igb term of the . 

paper we use re’s tabless’ ?, and by substitu- 
tion of these quantities in eq. (3), a system of linear equations is obtained. Since 
the terms are split by spin-orbit coupling, we have taken as ene 

centres of vity of the split multiplets. An exception was made fo 
commotions, whose enec wer6 cor- 

ed due to spin-orbit tit expressions for W(x) we 

Ii. Since the ma tude of the H’(x)% d d upon the anon scale 
oscopic gr state of the atom or the 

n the SW’s were ~l~~l~t~, for atoms and sin aud doubly positive- 

Cared. Cfiem, Rev., 2 (1967) W-75 
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TABLE I 

S~~R~~50~ PACED (in em-‘) FOR NEuTR.AL ATOMS OF THE EWtST TRAEEMION EERmm 
- 1__~1_1~, _~ ____^_I__p_m”_--e..- 

Ti’ V’ 0’ Mn’ Fc’ co’ Ni’ cu’ 
__^._;_sl. .._... ___“_..~_ _.~,_._ _ .-“““._-ppI_ _pl__--I PI___ 
W(d”l 52,600 71,470 71,020 66.190 46.410 27,040 14,l JO 
~(~“-1s) 26$20 39,670 66,270 65,050 38,810 17,600 2,340 0 
W(d~-lp) 46, I 70 60,070 89.300 98,wO 72,780 S&770 33,940 30,700 
W(d”-“sP) 7,470 18,670 46,008 68,000 46,080 30,330 13,890 12.020 
W(d”-jSp) 30,920 46.300 76.000 103.670 97,230 (79.780) (63,240) (%75’-% 
W(d”-rp3 (60,050) (76,850) (10G.000) (137,630) (142,000) (129,230) (I 12,590) (loS.4~0) 

&UP) (=o> (240) (2Qo) (280) 1300) * (320) (SO) (360) 
F&H) 440 505 550 550 350 SO0 350 480 
Fztdd) 765 895 1,025 1,155 1,285 1,415 1,545 1,675 
F&l) SS 64.5 74 83.S 93 102.5 112 121.5 
G,(N) 350 380 410 440 470 500 530 560 

G&&I) 2;ldo3 14.1 15.3 i6.4 17.6 18.7 19.9 G,(V) 2,350 2,soO 2,650 2.800 (2,950) (3,100) (3.2::) 
G&d) 1,550 1,650 1,580 1,800 1,600 1,700 1,900 (2,Ow 
dD 1.036 612 1.320 1.682 I .399 959 930 632 

TABLE. 2 

SLAlER-CON[N)N PARAMETERS (ifl Cm-‘) KXt SfNGLV P”OSCTIVE CWAXGW IONS 
__ _~^____________ _~__xI~.-..~~I- ~w_---m- -V.-I- 

Ti’ VU C?” Mn” Fe’ 
_____&___-.._,,..% 

CO” C”” 
p_I_ ~__I__ -“_ 
W(d”) 18,270 34,790 65,500 58,400 29.5 JO 13.180 0 0 
W(d”-‘s) 11,800 29,990 60,5oQ 83,360 57.770 40,293 27,490 25,750 
W(d”-$1 40.770 ~,Y~ 94, 120, 108,570 91,889 78,950 76.000 
~(~n-~‘) 24,920 (35.190) 67. 99 105,570 93,510 (yo,Mo) 86,980 

W(b-asp) 59,300 82.290 (112,000) (142,500) (154.570) (162.980) (158,700) (154,500) 
W(dn-*p=) (93,680) (129,390) (156.500) (I 85,800) (203,570) (232.450) (226;$0; “222;F;; 

F,(PP) (350) (370) (390) (410) (430) (450) 
) (&%I) 650 700 450 sso 

F&id) 875 1.005 1.135 1.265 1.395 1.52s I.655 1,785 
F&id) 63 72.5 82 91.5 101 110.5 120 129.5 
G,(N) 450 480 510 540 570 600 630 660 
G&N 16.8 17.9 19.1 20.2 21.3 22.4 23.5 24.6 
G&w) 2,400 2,550 (3,150) (3&w (3.450) 
G&d) 2,oQo 2.foO 2.1oQ 1,900 1,800 2,100 2.ooo 2,300 
A8 1.560 723 I.563 1.079 I.272 993 756 906 

_~. -..l___l.-_V..~-.~V -.” 

a standard deviation (see APPENDIX). 

d ions af the East transition period from Ti to Cu, by a 1 t squares method 

and in such a*way as to satisfy the previously described co tions. Results of 

th ~IcuIations are reported in Tables 1, 2 and 3, It must pointed out that in 
lx n cases evaluation of the SCP’s could not be carried out on the ba;;is of the 
available spectroscopic data alone, and the following criteria were used: 

(i) The C,(sp), C,(sd) and &(pd) vrtlues in parentheses in Table 1 and 2 
were ~v~uat~ in such a way as to follow regular trend. 
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3 and 4 some of the parameters obtained are plotted against the 
(dd) varies linearly, we xmposed, and 

trend, which is si I- to that obtained 
other author for the met& of the second ~a~si~on perisdE2. A ~rn~~so~ of 
the ~a~rn~t~~ with the ~~0~~~1 estimates of Brownls and Wats~n’~ shows 

t the empirical p eters are ~~~~wh~t lower. 
In order to test the validity of the paramt?ters’ comparison 

~~tw~n the present work and WJ, data vss made. For se, which is 
the middle point of the first ~a~sitio~ riod w chosen. Xn Table 4, considerin 

TABLE 4 

0 
25,280 
27,244 
30.~3 
17.31 P 
23,S96 
34,289 
37,644 

3% 
41~9~a 
43,530 
45,136 
58,443 
S8,~S3 
45,cMP 
51,715 
s7,zstP 
1 R,S6~ 
61,217 

738 
24,273 
29,095 
28,865 
17.057 
21,825 
34,453 
37,733 
36,837 
42,454 
43,322 
43,322 
59,750 
58,819 
43;467 
53,307 
60,007 
18.7 
57,662 

c- 

1,272 
23,260 
26,892 
2$,422 
17,813 
25,013 
34,253 
37,941 
37,853 
41,471 
44,871 
44,871 
59,757 

42,8Si 
53,913 
57,256 
19,170 
55,223 

1,682 

‘S 
‘Ls 
aG 
“P 
=G 
‘P 

‘F 
5D 
‘Ip 

“G 
“B 
7P 
‘“G 
‘N 
“W 
=G 
6r3 
?P 

0 
9.473 

27,276 
29,92~ 

36,355 
43,248 
14,601” 

3% 
33,225 
37,837 
3~*~SE 

6% 
65, 
67,$33 
70,530 
55,381‘ 
83,414’ 

5.509 762 
12,019 10,262 
28,361 26,7SO 
38.3 I 1 30,732 
32,267 3&4SO 
42,217 36,432 
35,461 42,845 
17,346 14,541 
35,346 30.58 I 
34,396 34,619 
33,066 40,271 
34.473 39,381 
56.167 63,711 

73,703 70,687 
55*403 55,341 
71,822 83,271 

5.926 1,079 

a The va!ues am spin-orbit couplin free b Standard deviatioa (see APP~~XX). 

d dcviatioas, one cnt in reproducing s 

terms of Mn” much better . 

Slater-Condon parametws for negatiw ions 

able, SCP’s for II 
, p~amete~ for negative ions may 
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ed by extrapoIation, considering isoelectronic seritq once one has calculated the 
SCP’s for neutral and ~sitively~h~rg~d atoms. 

H-J., on the basis of their caIculation”3, evaluated the negative ions’ para- 
meters by a &near extr~~latio~ of the ~~~ndin~ pa~mete~ of atoms and 

~~ati~~ of the I-LX u&s, one 
values; Le., the %I;p’s are often ne~ati~, 

pos&ve by definition. This fact depends upon both 
ppro~mation arld the iaaccura eters; on 
only two bind for the isoel ce, these 

In the present paper, by in~oducin~ the SCP’s for the doubfy charged 
positive ions, a third point of the isoelectronic sequence was obtained, Using this, 
the SCP’s for negative ions were determined in the following way: 

(i) The Fk and G, p~~~eter~, which depend in a linear finer upon the 
I&XtiOniC 

s, kinetics 
als (J and K), were con- 

This is possible only for the 6, d”-‘s and d”-‘p figurations from Ti to 
Fe. ~orcov~r, the W(x) extrapolations must take into account the fact that the 
W(X)% are the greatest contributors to promotion ene 
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the x”b configuration terms and that the ground state configuration for atoms and 
ions, which constitutes the isoelectronic sequence, does not remain constant”. 
Then, it is necessary to assume as reference state a cotiguration which appears 
along the entire isoelectronic sequence and to which the W(x)% have to be referred. 
in our case the reference state chosen is the ground term of the d”-% ~~fi~u~tion. 
The choice of the d”- Is confi ration, instead of the d”-‘s2 one, which, generally 
speaking, should be the ground state of the ne~tive ions, is related to the im- 
possibility of determining the W(d “-*s*)rs for doubly positive charged ions. Thus, 

to parabolic expatiation would possible. 
In Fig. 5 the extrapolations of W(d”-*s) for the negative ions Ti”, V-, Cr-, 

hrin- and Fe- are reported, 
SCP’s calculated for negative ions are reported in Table 5; values 
which cannot be ext~~iat~ from an isoelectronic sequence, were 

the general trend. 

TABLE S 

SLATER4X’SNDO~~ “ARAMEl73tS (in CKXI-‘) FOX StNOLY NLOATTVE CNAROtD IONS 
~--_I___~ ~__~_____r_---~~.-._____l_l .l;- l.~ .- - ~- - 

I? v-4 Ct-’ Mn-’ Fe-’ Co-’ Ni-’ ch- 
--- - _-~ em.-. --- 1y _..-_-.Hv_^___ ~“-._ 
Wd”) 67,840 65,590 45,850 48,280 39,680 __ - - 
W’jd” .‘s) 26,750 S2J60 39,030 24,920 12,sfM - - - 
W(d”-‘p) 35,050 63,040 53,610 40.9 10 31.480 - 
MPP) 90 110 130 150 170 190 --&lo) --&O) 

F&d) 400 450 450 350 SSO 150 (30) (4w 
4(dd) 655 785 91.S t ,045 1.175 1,305 (1,415) (1,565) 
F&W 47-S 56.5 66 72 85 94 (103.5) (113) 
GW) 250 280 310 340 370 400 (430) (460) 
Wpd) 9.2 10.3 11.5 12.6 13.7 14.8 (I S.9) (17) 
Msp) 2.800 2,x50 2,300 2.450 2, 2,750 (2, (3,050) 
G&d) 1,200 1.260 1,800 1,100 1,400 I.500 (1,700) (1,800) 
-* p__“_-_ll____B-.Ap -.~. _ 

In this manner the W(x)% obtained, unlike those calculated by H.J. which 
have no “absolute” meaning, arc parameters which give the promotion energies 
with respect to the lowest state of the d”-‘s configuration. 

From the above diction, weconclude that the appro~m~tion~ i~trodu~ 
in the evaluation of Slater-Condon parameters, although constituting a restric- 
tion, afford a set of parameter values which reproduce at Ieast as weti as the 
parameters in the literature 21--2s the spectroscopic energy terms. Moreover, the 
SGP’s of the present paper have the advantage of a more regular trend, which is 
consistent with the properties derived from the electronic structure of the atoms 
and ions of the first transition period. In addition, these parameters are very useful 
for valence state energy calculations and for a measure of the electron tivity. 
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APPENDIX 

The standard deviation A is defined as 

Et di2 i 
[ 1 .- 
08 - 1) 

where dl indicates the individual deviation between the i”’ energy term calculated 
by the SCP’s and the experimental i”’ one, and n indicates the number of calculated 
energy terms. 

For this calculation we made use of the following configurations for the 
atoms and ions: 

Ti’ d,I-2S2 
: ‘F, ‘D, ‘P, ‘G 

d”-ls : 5 F, =F, ‘P, =G, =P, ‘P, ‘H, ‘F 

d” - ‘D, ‘G; d”-‘p: 5G, =F. ‘I; dn-2p2: =G 
d”-2sp i ‘G, ‘F, ‘D, 3G 

Ti” d”-Is : 4 F, 2F, ‘D, 2G; d”: ‘G, ‘P, 4F, 2H; dn-2 p2: 2D 

d”-‘P : 4 G, 4F, ‘H; d”-%p: 4D, 4P 

Tj”’ d” : ‘F, ‘D, ‘P, ‘G; d”-‘s: =D, ‘D 
d”- ‘p : ID, ‘D, ‘F, ‘P, ‘F, ‘P 

V’ dn-zS2 . . 4F, 2G, 4P, 2H, 2P; d”-‘s: 6D, 4G, 4H, 2H, 2G 

d” : ‘S, 4F; d”-’ p: 6P, ‘F, ‘D, 41; dn-2p2: 6G 

d”-2sp : 6G, 6F 

V” da-‘s : =F, =P, ‘G, ‘ff, ‘F 

d” : ‘D ‘G, ‘H, 3D, ‘F, ‘I 

dn-2sp : ‘F,’ =G, 5D 

vlll d”- ‘s : 4F, 2F; d”: 4F, 4P, 2G, 2H 

d"-'p : 2F, 4F, 4G, 2G 

Cr ’ dn-2$ . SD, ‘H, ‘G, ‘D, ‘I 
d”-‘s . : ‘S, ‘S, 5G ‘G =P, ‘D, ‘P, ‘Z, ‘F 
d” : SD; d”-$,; ‘P: =Zf 

d”-2sp : ‘ID, ‘P, 7F, ‘I 

Cr” d”- zs2 : ‘G, 2P, 4P; d”-‘s: 6D, 4H, 2Z, 2H, ‘G 

d” . 6S, 4G, *P, 4F, 4D, ‘Z, 2H, 2S 
d”-+, ; 6F, 6P, 6D, *Z 

Cr”’ d”- Is : ‘F, 3G, 5P, 3H, lG 

d” - ‘D, ‘D, ‘G, ‘H, ‘F 
d”-’ p : 5G . , ‘F, ‘I 

Coordin. Chew. Rev.. 2 (1967) 65-75 
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Cd p- 2s2 . 28; d”-‘s: 2s 
* 

da- ‘p : ‘P; d”- =sp: ‘F, “P, 4D 
Qp &a- is2 

: 2F ‘D 2P “G- b-“s: ‘D, “D 
d” : 1s; d”‘+J+f-, ‘F, 3J’J 

da-‘sp : ‘F 

Cu”” d”-“s : “I;; 2F, *P, ‘G, ‘D; d”: ‘L) 
d"- “p : “F, 4G. 
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