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Abstract, A d orbital in an octahedral (O~)-site-sy”ehy ayslal is proposed by considering 
ihe ligand charge penetration. The quantitative relationship between the reduction in the Facah 
parameters B and C and crystalline parameters is established by using a simple point-charge 
model. The d orbital is applied to calculation of the specmm of F$+ ions in plumbojamsite. 
The calculated results are in good agreement with experimenf 

As is well known, when a transition-metal ion (3d”) is located in an octahedral (&)-site- 
symmetry crystal, the Racah parameters 5 and C and spin-orbit-coupling parameter ed are 
reduced with respect to their free-ion values, which is usually called the nephelauxetic effect 
[I-31. In some cases, the reductions in 5, C and e d  have a considetzble effect on the d-d 
transitions in the crystal. In order to explain the nephelauxetic effect, there have been a 
variety of methods which can be grouped as follows. Firstly, the reduction in 5, C and .$d is 
attributed to the decrease in the effective nuclear charge Zm [Z, 31. Secondly, the parameter 
reduction in the crystal is considered to be a result of the orbital mixing of the central 
ion and ligands. A number of simplified LCAO models have been proposed by introducing 
some parameters, such as E, p [4-71 or No and N,, [SI. In practical calculations of the 
d-d transitions, Ze*, r .  p, N, and N, in these models are often taken as fitting parameters. 
However, when the calculations of 5, C and Ed in the crystal are required to be related 
to the corresponding crystalline parameters, some complicated calculations such as overlap 
integrals have to be used [2,8]. There is therefore a need for a simple model, but one in 
which the nephelauxelic effect can be described in relation to the crystalline parameters. In 
this work, we propose such a model in the framework of crystal-field (CF) theory. 

In an a-sitesymmetry crystal, the CF potential for a single d electron is written as 

V(TJ = ~ k ~ ( r i ) ~ A ~ ’ ( ~ i , v i )  (1) 

Bkq(ri) = - S e p ( ~ ,  O ,  0 ) ( r ~ / r ~ + l ) ( - l ) q c ~ ( O ,  Q)dr 

c~’(o, ,  pi) = J m ~ k ~ ( ~ i , p ; )  

k=O,4q=0.+4 
with 

i = 1,2, .  . . , n 
where p ( R ,  0,  a) is the ligand charge (LC) distribution, ( R .  0,  0) is the coordinate of 
LC, T ,  and r, are the greater and lesser values of ri and R ,  respectively, and Ykq((?i,pi) 
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denotes the sphericat harmonic function. In fact, the nephelauxetic effect is dominated by 
the covalency effect. This implies that the LC can be allowed to penetrate into the region 
where the d electrons are distributed. For a more complete description of the d-electron 
state in the crystal. the LC penetration may be taken into account. On the basis of this idea 
and using a point-charge model [1-31, we have 

V(r;) = -6eq(l/r,) - $q(r$/r~)C~4)(Oi, pi) 

Yung tin and Xiu Kehui 

+ ( ~ / 4 ) e q ( r i / r ~ ) [ ~ ~ ~ ( ~ i ,  p;) + ci4'(0;, qioi)~ (2) 

where q is the effective charge of a ligand. Here r, and rc are the greater and lesser values 
of ri and L, respectively. where L is bond length (the distance between the central ion and 
the ligand). In the treatment of the conventional ff theory [1-3], r,!/Lx+' is substituted for 
r$/r:+l in equation (2), which implies that the Lcs are always assumed to be outside the 
region of the d-electron distribution and the u2 penetration is neglected. By considering the 
LC penetration, the free-ion radial function Rd(r) and conventional expression for the CF 
parameter Dq will be modified. 

The first term in equation (2). a spherical shell potential, is different from the constant 
potential in usual treatments [ 1,2]. It can affect the d-d transition energies in the crystal. 
By adding it to the effective core potential for the one d electron of the free ion, expansion 
of the radial d orbital Rd(r) will occur because q e 0. Then reduction in E ,  C and &j will 
follow from this. Despite the difficulty in solving the expanded &(r) exactly, for simplicity 
we can make the assumption that the expansion of Rd(r) is represented as a partial scaling 
transformation of the &(r) of the free ion, i.e. replacing r by Slr in the free ion Rd(r) 
when r z L (physically, SI c 1). Using the double-zeta-type %(r) for the free ion 181, we 
obtain the radial d orbital in the Oh-site-symmetry crystal: 

Rd(r) = 

with 

Ni = [(2&)7/6!]1'2 

(3) 
SO[UI Nlr2 exp(-hr) + w%r2 exp(-hr)l r < L  I SotalN1(Gir)'exp(-~i61r) + uz~2(slr) 'exp(-h~lr)l r =- L 

i = 1.2 
2 7 84 10) 60 = (1  +UjNi[ l r  ( L , B 1 e , )  - rlO)(L,Zhl)l t u : N ~ [ S : r ( o ' ( L , 2 6 1 h )  - l+%L,'2&)] 

+ 2 a l ~ z ~ I ~ 2 ~ ~ f r @ i ( ~ ,  sit, + s I m  - r%, 6,  + m-1/2 
r'i)(L, 5) = lm r6+kexp(-cr) cir (4) 

where 60 is the renormalized factor. The Racah parameters E and C in the crystal can be 
calculated from the Slater-Condon parameter Fk ( k  = 2,4) [ 1-31 which is given by 

Fk = e' bm lw R ~ ( r l ) ( r ~ / r ~ + ' ) R ~ ( r 2 ) r ~ r : d r l  dr2 (5 )  

with the help of the following auxiliary formulae: 
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Table 1. The d-d lransilions of Fe3+ in plumbojamsite. 

Transitions From Theoretical values. Experimental values [I21 

4Tig(G) 15 007.7 125M). 15385 
4 ~ ~ . ( ~ )  19 357.9 19045 

'Ai,(S) ("') (an-') 

4A;8(G). 'E&) 22707.5 22730 
4 ~ ~ . ( ~ )  24 856.2 24390 
'F& 26541.4 25 975 
4T~,(P) 30469.9 303W 

4 ~ z a ( ~  41 206.8 41 665 
4T~,(F) 37 758.8 37735 

The Trees wrrection (r = 90 an-' 1131. 

where equation (4) is used. For calculation of the d-d transition energies, the terms in 
equation (2), other than the spherical shell term, are treated as a perturbation. The CF 
parameter Dq is of the form 

where (r4) is defined as 
Du = -ieq(r:/r;) = -eq(r4)/6L5 (7) 

(r4) = Rj(r)r6 d r  + 1 R:(r)(L9/r3) dr. (9) 
L 

It should be pointed out that (r4) differs from the usual expression of the point-charge 
model [l-31. Here (r4) can be considered as a correct expression [9]. In addition to B ,  
C and D,, & in the crystal can also be obtained in the same way as in [8]. In the above 
treatment of B ,  C ,  Dq and &, the free-ion &(r) and bond length L are assumed to have 
been given. The remaining parameters 61 and q can be taken as two fitting parameters 
and varied to obtain a set of the d-d transition energies calculated in good agreement with 
experimental data. To illustrate the application of the above method, we take plumbojarosite 
(Pb[Fe3(S04)z(OH)6]2) as an example, since at present there is no calculation which relates 
its spectra to its structural data In plumbojarosite the Fe3+ is surrounded by four hydroxyl 
groups and two oxygen ligands [IO]. The average bond length L = 2.008 A. In order to 
calculate the d-d transitions, we make an approximation that the point group for the Fe3+ 
site is Oh. Using the double-zeta type of radial function for free Fe3+, i.e. a1 = 0.667, 
a2 = 0.55237, 61 = 5.6 and 62 = 1.732 [ I l l ,  and taking the scaling factor 81 = 0.647 and 
the LC q = -0.677 86e, we calculate the values of E ,  C and Dq from equations (3H8): 
B = 727.775 cm-', C = 2726.131 cm-I and Dg = 900.161 cm-I. Then, by solving the 
energy matrices for the d5 configuration [l], the d-d transition energies are obtained. The 
comparison between the calculated results and experimental data [I21 is shown in table 1. 
The theoretical values are in good agreement with experiment. 
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In the preceding calculation of the d-d transitions for Fe3+ in plumbojarosite, 61 and 
4 were determined with the help of a least-squares fitting routine. The scaling factor 
61 = 0.647 is found to be smaller than unity. This implies that a considerable covalency 
effect exists between the central ion and ligands. The effective LC 141 = 0.677 86e is smaller 
than the value of the 02- ion charge. This result can be attributed to the covalency effect 
and the existence of the H+ ion associated with the 02- ion in hydroxyl group. If we 
neglect the U: penetration in equation (7) and therefore use the conventional expression for 
(r4)  in equation (7), (r4) will be calculated to be much larger with the same Rd(r) and 4. 
In this case, the effective charge 141 is fitted as 191 = 0.150~ which is much smaller than the 
physically expected value. Hence, the expression given for (r4)  in equation (8) is reasonable. 
Furthermore, the spin-orbit-coupling parameter can also be calculated from equation (3) 
in the same way as in [SI. Like E and C. the calculated value c d  = 460.181 cm-' is 
reduced from its free-ion value 1111. 

In conclusion, the extra core potential obtained from consideration of the LC penetration 
in the Oh-site-symmetry crystal is found to give rise to nephelauxetic decreases in E ,  C 
and cd. Based on this mechanism, an empirical d orbital in an Oh-site-symmetry crystal 
has been proposed by using a simple pointcharge model. The method for calculation of 
the d-d transitions is in the framework of the 13 theory and contains two fitting parameters 
61 and 9. This model has been used to calculate the d-d transition energies of Fe3+ in 
plumbojarosite. Although the symmetry-dependent covalency effect 121 and the exchange 
interactions between the central ion and ligands are neglected in the model, the calculated 
results agree well with experiment. This shows that the radial d orbital in the crystal is 
a good approximation of its exact solution. Therefore the model obtained by considering 
the Lc penetration can be regarded as a starting point for more sophisticated theoretical 
calculations. 
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