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In this paper we give approxnmate functions for 4s, 4p Slater-orbitals for transition metal ions
having d" electron configurations.

In molecular orbital' calculations, especially on transition metal compounds,
it is very often necessary to calculate overlap and Coulomb 1ntegrals with 4s and
4p S]ater-orbltals having the radial part

V(o) = N)r+7e™™,

_N(a);V—_(Z“)S'4; a=2-0

where -

7.47 374,

. and Z—o is the effective nuclear charge which can be determlned from the well
. known  Slater-rules. -

~ The overlap 1ntegrals (nl[n Iy with n=4; wn'=1,2,3 can be expressed
with the aid of 1ntegrals '

(nly +x)! ' I'(n)
I(nlyj:x) (yix)”-'-l 7 G(n[y-l-x)/_' (y+x)n ’
where I'(n) is the complete, (n|y+x)! is the incomplete I'-function [3] and- x=aR,
y=a'R (R is the bond length between two. atoms) but these expressions make the
calculation of these integrals possible only if y=x. If y<x, and that is what
takes place in transition metals in most cases, these integrals as well as the integrals
(nlln’l’) with n=4; n’=4 (y=x) cannot be expressed in closed forms. This is the

reason why we give approximate functions for 4s, 4p Slater-orbitals for transition

metal ions making it possible to calculate these integrals with the aid of the integrals -
- 4,(a) and B,(b) [4] |
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Constructions of approximate functions

The simplest approximation for 4s, 4p Slater-orbitals can be obtained if the
radial part of these functions are approximated with the function

P(B) = N(p)-reFr,

where N(f) is the normalization factor determined by

Joorar=1 g =)/ S,

and B is an appropriate parameter which can be determined in various ways. If we
- require that the value of ¢(f) at the point of the maximum value of

¥ () [rmax:%] be-equal to the maximum value of ¥ (a), i.e,

max) wmax 2

we get the following equation for §:
. e 4
fe =’ = 0.005804 5019,
from which B can be determined for various o’s. For transition metal ions
“having d" electron configurations we get the values for f from this equation
which are given in Table I. (In the table the numbers in the first column refer to the

ionization states of the ions).
Following that we approximated (x) with the function

() = N(){ar?+ br3}e==,

and we determined ¢ and b from two requirements. ‘
a) First, we prescribed that ¢(«) be normalized and the equation

@ (Tmax) = Yimax
be fulfilled. From this condition we get the following expressions for a:' and Ab:
| a = 0.759 8.26 1-07%7, |
b =0.4609024.a%%3.

b) Then we required the normalization condition and the condition

‘f(l//—q))?rzdr = min. -
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Table I
Ton ’ a ’ . B
V, Nb, Ta 1 1.430077 1 : - 1.5397407
2 1.864 207 6 1 2.007 1616
3 2.298 3382 2.474 5829
4 2.732 468 7 . 2:942 0040
s 3.166 5993 ) . 3.4094251 -
Cr, Mo, W 1 © 1.506 6884 1.622226 5
2 1.940 8189 2.089 647 7
3 23749495 . 2.5570691-
4 - 2.809 0800 . .- 3.0244903
5 3.243 2106 7 34919116
6 © 36673411 ) : .7 39593322
Mn, Tc, Re 1 1.5832996 . . ’ 1.704 7127
2 2.0174302 2.1721338
3 2.451 5607 ) 2.639 555.1
4 ] 2.8856913 o 3.106 9762 -
5 3.319 8218 3.574 3974
6 1 3,7539524 - . - 4.041 8188
7 4.188 0829 : - 4.509 2401
Fe,Ru, Os .1 1.6599109 1.787 1988 .
2 2.094 0415 ' 2.254 6201
3 2,528 1720 : 727220411
4 2.962 3026 R 3.1894626 .
5 3.396 433 1 - .- 3.6568834
6 3.8305636 4.124 304 7
7 4.264 694 2 4.591 7263
8 4.698 824 7 5.059 146 8 .
. Co,Rh, Ir . 1 1.736 5222 ) - 1.8696849
-2 2.170 6527 2.337106 8
3 2.604 7833 - . 2,804 5273
4 3.0389138 . ] -7 3.271 9484
5 3473044 4 . 3.7393696
6 3.907 1749 . 4.206 7910
7 4.341 3055 S 4.674 2123
8 47754360 . 5.141 6333
9 5.209 566 6 ' 5.609 0551
Ni, Pd, Pt 0 '1.379 002 9 _ 1.484 749 8
1 1.813 1335 h 1.9521710
2 2.247 2640 . 2.4195922°
3 2.681 394 6 2.887 0134
4 31155251 - 3.354 4347
5 3.549 6556 3.8218555
6 . 3.9837862 - . 4.289 276 8
7 . 44179167 4.756 698 4
8 4.8520473 © 52241198
9 5.2861778 - 5.6915401
10 5.720 308 4 6.158 9624

,2‘
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Table 1

Ion a : B
Cu, Ag, Au 1 1.889 7447 2.034 6571
. 2 2.3238753 2.502 0782
3. 2.758 005 8 2.969 4994
4 3.192 1364 . 3.436 9205
5 3.626 2669 3.904 3417
6 4.060 397 5 4.371 763 4
7 4.494 5280 4.839 1844
8 4.928 658 6 5.306 605 7
9 5.362 789 1 ) 5.774 026 4
10 5.796 9197 . 6.241 4479
11 6.231 0502 : 6.708 869 4
Zn, Cd, Hg 2 2.400486 6 2.584 564 4
3 2.8346171 - 3.0519856
4 3.2687476 - - 3.519 4069
5 3.702 8782 - 39868278
6 4.1370887 . 4.454 2489
7 45711393 { 4921 6708
8 5.005 269 8 5.389 0914
9 ’ . 5.439 4004 . 5.856 5129
10 i 5.873 5309 6.323 9335
11 7 6.3076615 67913546
12 6.741 7920 7.258 776 5

‘These conditions give the following results for @ and b:
' = 0.710-569 7 -a—%7,
b=0473713 1 -0%8,

In the course of testlng the approx1mat10ns it has turned out (see Table 1IV) that
the first requirements give better approximate functions than the second ones, so -
- 'we determined g and b for transition metals from the first expresswns These -
values are given in Table II.

Better approximate functions can be written in the form

() = N(oz){clr+c2r2+c3r3+c4r4}e"“'.
a) If we prescribe the normalization condition and the eqﬁations
A P (rmad = Prnax = Ymar; (L. 5rmax) =y (l. Srmax)
we get the followmg expresswns “for the €S

¢y = —0.450 026 5+~17,

c;= 0.8709877-a~°

c3 = 0.5050353.a%3,

¢, = —0.008 730 304 2-q1°,
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Table Il
Ion ’ a . b
V, Nb, Ta 1 0.591 5107 0.513 1175
2 0.491 3243 0.555 593.7 -
3 0.424 3503 - 0.591 606 8
4 0.375946 1 0.623 1255
5 0.339 0776 0.651 308 8
~Cr, Mo, W 1 0.5702927 ’ 0.521 2140
2 0.477 666 4 0.562.3472
3 04147211 0.597 4552
4 0.368 7392 0.628 3162
5 0.3334507 - - ' © 0.655996 5
6 0.3053799 - . 0.681 1914
Mn, Tc, Re 1 0.5508331 " 0.5290271
2 0,464 895 4 0.568 916 5
3 0.405 606 0 - 0.603 1729 -
4 0.361 8590 : . 0.6334086
5 - 0.3280454 ‘ - 0.660 6074 .
6 0.301 0039 0.685 4182
7 0.278 8069 : 0.708 2940
Fe, Ru, Os 1 0.5329113 . 0.536 5799 °
. 2 0.4529232 0.575 3135
3 0.3969626 - 0.608 766 8
4 0.355 2824 o o 0.638 407 3
5 0.322 8480 0.665 144 4
6 0.296 7771 : 0.689 5850
7 0.2752914 . 0.712 156.4
-8 0.257 2301 0.733 1718
Co. Rh, It 1 0.516 3426 0.543 8926
2 0.441 6732 0.581 548 7
3 0.388 7533 0.614 243 4
4 0.348 988 7 -.0.643 3162
5 - 0.317'8462 . 0.6696103
6 0.292 691 6 0.693 6939
7 02718817 - 0.7159705
8 0.254 3344 ) 0.736 7377
9 0.2393057 - ‘ 0.756 2223
Ni, Pd, Pt 0 0.606 762 3 ’ 0.507 549 7
: 1 0.5009719 ’ 0.550 9827
2 04310785 o 0.587 6317
3 0.3809445" _ 0.619 608 3
4 - 0.342959 1 : ) 0.648 1393 -
5 - 0.313 0285 ’ . 0.674 007 7
6 0.288-7400 : 0.697 7467
7 0.268 5728 0.719 7377
8 0.251 5166 0.740 263 8
9 0.236 8727 : 0.759 5415
10 0.224 1406 ’ - 0.777.7407
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Table II

lon a b
Cu, Ag, Au 1 0.486 667 2 0.557 866 1
2 0.421 080 o 0.593 5712
3 0.373 506 0 0.624 8669
4 0.3371764 0.652 880 1
5 0.308 3844 0.678 3392
6 0.284 9156 0.701 7454
7 0.265 3599 0.723 4595
8 0.248 773§ 0.743 751 1
9 0.234 4989 0.762 8273
10 0.222 0630 0.780 8510
11 0.211 1167 - 0.797953 1
Zn, Cd, Hg 2 0.411 6278 0.599 3752
3 0.366 4107 0.630024 3
4 0.331 6250 0.657 5419
5 0.303 904 2 " 0.6826071
6 0.281 2119 0.705 691 6
7 0.262 23895 0.727 1371
8 0.246 1019 0.747 2007
9 -. 0.232 1820 0.766 080 3
10 0.220 0314 ’ 0.783 9327
11 0.209 3179 . .0.800 883 8
12 0.199 7890 : 0.817 0368

‘(Here the distance r=1.5r,, is the coordinate of the pomt where the value of
Y () is about the half of the maximum value).
'b) The conditions

[ #2rdar=1; [ @—opr*dr = min.
; _

¢
_give the following results:
= —0.241 2284 --a‘l
¢z = 0.7030085.47°
o= 0.546784 4.8,
= —0.012 017 239 - a3,

Table IV shows that with the latter parameters we get somewhat (if only a
httle) better approx1mate functions, so we give the values of ¢;-s in Table III accord-
ing to these expressions.
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Table 11T
Ton ] ¢y - 102 [ : : c3 ey 102
V, Nb, Ta 1 —13.13159 0.5472791 - 0.608 728 8 ~1.9132508
2 — 8.3673537 0.454 5844 0.659 1198 —2.700519
3 — 5.8617148 0.3926185 0.701 843 4 —3.5452165
4 - 43680195 0.347 8339 ©0.7392352 —4.4394221
5 —3.3995395 03137223 0.772 6699 —~5.3774417
Cr, Mo, W 1 —12.016 79 0.5276477 0.6183339 . —~2.0475528
’ 2 — 7.8136482 0.441 947 8 0.667 1317 ~2.8456743
3 — 5.5439072 0.3837094 0.708 781 5 ~3.699 605
4 — 4.1674406 0.341 1659 . .0.7453929 —4.601908 3
5 — 3.264 154 0.308 5162 - 0.7782313 —5.5471824
6 "~ 2.6364572 - 0.282 544 4 0.808 1206 —6:5312859
Mn, Tc, Re. 1 ~11.045 14 0.509 643 5 0.627 603 2 - —2.1839207
2 —~ 7.3159531 . 0.4301318 0.6749252 —2.992 5593
3 — 5.2526189 - 0.3752759 0.715654 6 ~3.8554%946
.4 — 39811048 0.334 8001 0.7514343 - —4.765 7306
5 - 3.1371355 . 0.303 515 - 07837011 - {. -57181275
6 — 2.545643 0.278495 6 0.813 135 —6.708 7255
7 - 2.1135009 - 0.2579585 0.840273 5 —7.734362 8
Fe, Ru, 0Os 1° . ~10.192 58 0.493 6614 0.636 5629 -2.3222807
: 2 —~"6.866784 6 0.4190548 0.6825141 —3.141 126 1
3. ~ 4.984 908 0.3672788 - 0.7222009 - —4.012 853
4 — 3.807 662 0.3287153 0.757364 4 —4.9308627
5 — 3.0177912 0.298 706 3 0.789083 6 —5.890263
"6 —. 2.459 6983 - 02745849 0.818078 3 —6.887 2549
7 - = 2:.0493634 0.254 7059 0.8448555 .: —7.918792
8 ~ 1.7379876 0.2379951 0.869 786 .8 —8.982 3642
Co,Rh,Ir 1 . —10.524 01 0.5325909 0.719 3324 — 2.7453553
. 2 ~ 7.2016875 0.4555717 0.7691351 — 3.669286 1
3 - — 5.2823372 0.4009866 .- 0.8123758 — 4.6506877
4 - 4.064 5885 - 0.3599707 0.8508266 — 5.6826125
5 ~-3.239144 1 0.327848 1 0.8856019 — 6.7598565
6 - — 2.6513740 . 0.3019020 0.9174542 — 7.8783605
7 T~ 22165792 - 0.2804373 09469165 = |- — 9.0348435
8 — 1.8850188 0.262 3378 . 09743824 —10.226 60 i
9 — 0.0162583 0.246 8362 1.0001520 —11.451 34
Ni,Pd,Pt O ~15.573-17. 0.625 8559 0.671 266 7 S — 2.0344587
1 — 9.7792873 0.516 736 5 0.728 709 6 — 29038413
2 ~ 6.789 3136 0.444 643 6 0.777 180 1 — 3.8385250
3 — 5.0283396 0.3929321 0.8194714 — 4.8292883 .
4 - — 3.8961414 - 03537513 0.8572053 — 5.8695486
5 ~ 3.1211976 0.322 8789 0.8914181. — 6.9543456
6 — 2.5652789 0.2978261 0.922814 3 — 8.0797690
7 — 2.1516323 0.2770243 0.951898 8 — 9.2426585
8 ~ 1.8347010 0.2594314 0.979046 0 —10.440 39
9 ~ 1.5859768 - 0.244 326 4 1.004541 9 —11.670 74
10 — 1.3868350 0.231 1939 - 1.028611 5 —12.931 81
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Table 111
Ion ¢y - 102 cs € cq- 102
Cu, Ag, Au 1 — 9.1149125 0.501 981 6 0.7378133 ~ 3.0643490
2 — 6.4132185 0.4343312 0.7850357 - 4.009 505 7
3 — 4.7932053 0.3852595 0.8264262 - 5.0094247
4 — 3.7385172 0.347 786 7 0.8634754 — 6.0578709
5 — 3.0099289 0.3180886 0.897 1466 — 7.1500946
6 — 24835408 0.293 881 3 0.928 1027 — 8.2823426
7 — 2,089656 4 0.273710 3 0.956 821 2 — 94515597
8 — 17854834 0.256 6019 0.983 6580 —10.65520
9 — 1.547653 1 0.241 878 1 1.008 887 7 .~11.89110
10 — 1.3558213 0.229 0508 1 1.032 7249 —13.157 41
11 — 11991782 0.2177595 1.0553437 —14.45253
Zn,Cd,Hg 2 — 6.0691664 0.424 5809 0.7927117 — 41821842
3 — 4.575065 8 0.3779409 0.8332472 — 5.191069 8
4 — 3.5907856 0.342 060 6 0.869 641 0 — 6.2475537
5 — 2.9048306 0.3134674 0.902 7913 — 7.3470906
6 — 24058630 0.290 061 1 0.933 3219 — 8.486 067 7
7. | - 20304685 0.2704910 0.961 6850 ~ 9.6615299
8 — 1.5609955 0.227699 1 0.886429 8 — 9.7512534
9 = 13551633 0.2148200 0.908827 1" —10.86478
10 — 1.1893225 0.203 5781 . 0.930006 2 —12.005 32
11 — 1.0535427 0.193 6657 0.9501160 —13.17145
12 -~ 0.940828 1 0.184 8493 0.969278 8 —14.361 93
Table 1V
Overlaps R, kg Ry R, Ry -
(s, 25) ©0.691572 | 0569532 |. 0.448946 | 0339375 | 0246842
(0 (B), 2s) 0.685 608 0.563 225 0.442 371 0.332783 . 0.240 599
(0a (@), 25) 0694817 |. 0572630 0.453 004 0.342 389 0.249 691
(06 (@), 25) 0.695779 | 0.573928 0453452 | .0.343804 0.250 945
(Pa, 25) '(.).691 380 0.569 521 0.449 029 . 0.339490 0.246 947
(P, 29) 0.691 470 0.569 398 0.448 767 0.339155 0.246 589
(4s,2p.) 0.509 303 0.519 7060 0.475 883 0.400 250 . 0.314700
(0(8), 2p.) 0.511 590 0.522 873 07477 863 0400082 | -0.302224
((/7, (), Zp,,) 0.509 955 -0.519 396 0.475123 0.400 364 0.315692
(90 (@)s 2p) 0.507514 0.518 183 0.474 989 0.400956 0.316 630
* (P, 2p2) 0.508 230 0.519 651 0.475 691 0.400 340 0.314 856
(Py,, 2p.) - 0.509 306 0.520 401 0.476 109 0.400519 0.314 348
(45, 3d_2) 0.243 243 0.334 104 0.389 547 0.401638. 0.376 484
(9(8), 3d_2) 0.242,788 0.334573 0.393877 | "0.406 061 0.379 546
(0 (2), 3d2) " 0.246518 0.334970 0.388 692 0.400 130 0.375 268
((pb(a), 3dzz) 0.243 41:2 0.332070 0.386 544 0.398 922 0.374 900
(P, 3d,2) 0.242 005 0.332916 -0.388 716 0.401 155 0.376 290
(¢b, 3d22) 0.243292 0.334 039 0.389 626 0.401 850 0.376 770



]

FUNCTIONS FOR 4, 4p SLATER-ORBITALS FOR TRANSITION METAL IONS 233
. Test of approximations

In order to-test the various approxrmatlons we have calculated the overlap
. 1ntegrals [1, 2] .
- (8, 29); (4s,2p,); (4s,3d 2

exactly and with the approximate functrons with SLATER-exponents a= 2. 5 a'=1.5
and with the bond lengths
R, = 1.734 358 6 A,

'R, = 2.167948 3A,
R; = 2.601 5380A,
R, = 303512764,
: . Ry =3.4687173A.
: vThese bond lengths have been so chosen that in the 1ntegrals [381.(p= 3. N: .

(y—x)r+

e I(uy, p) =-—l"(Tl) I(Ply x)
s, p) = —(f—.{-p—}n— I(p|y+x),

the parameter i should have the followrng values::
u1~08 1 1.2;1.4;1.6

-and " u, should be: u,=4u,. With these parameters we get the values, for the over-
laps summarized.in Table IV.

This table shows that the function ¢@(f), in itself is already a good enough
appoximation for. 4s and 4p Slater-orbitals. Considering that these orbitals .are
also approximate- -functions for the atomic orbitals we can use .¢(B) instead of
S]ater-orbrtals in molecular orbrtal calculatrons
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I'IPPIBJIId)KEHPIE ®YHKIIWNA 4s,4p OPBUTAJIEN CJIETEPA J719 MOHOB
l'IEPEXOI[HBIX METAJIJIOB UMEIOMNX SJ'IEI(TPOHHY}O
: -KOH®UT YPAHUIO 4"

B. Mapa3

B pa6ore Mbl 33afaeM NpHOJIMIKEHAC (bynxmm 4s,4p ODGHTaJICH Cnerepa AJI4 MOHOB
nepexo;mmx METaIIOB HMEIOLHX JIEKTPOHHYIO Kondmrypaumo dan.



