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Lund, Sweden 
t Solar Energy Research Institute, Golden, Colorado 80401, USA 

Received 3 July 1984 

Abstract. Both the electronic structure and the ‘breathing-mode’ relaxation for tetrahedral 
interstitial 3d transition atom impurities in silicon are studied in the local-density approxi- 
mation. The calculations show that although the interstitial 3d impurities constitute a very 
large perturbation locally, they interact rather weakly with the surrounding crystal in the 
sense that they perturb the spatial distribution of electrons on the surrounding atoms only 
weakly. A special pattern of relaxation is predicted, with an outward relaxation of the 
first-nearest neighbours and an inward relaxation of the second-nearest neighbours. It is 
explained in terms of the impurity-induced charge rearrangement. 

1. Introduction 

Isolated 3d transition atom impurities in semiconductors are among the most difficult 
point defects that can be studied theoretically. Unlike simple sp-bonded impurities (for 
instance intrinsic point defects), the localised but chemically and electrically active d- 
electrons give rise to effects which are still lacking a proper apriori description. A lot of 
data suggest that the 3d electrons occupy partially filled shells and are atomic-like in 
their localisation, leading to multiplet splitting and a net spin obeying Hund’s rules 
(Ludwig and Woodbury 1962, Kaufmann and Schneider 1980). Thus, a detailed descrip- 
tion of these systems generally requires a treatment of the electron-electron interaction 
that goes beyond the one-particle (mean-field) theory. On the other hand, there have 
been observed g-factors, intra-atomic (d-d) transition energies and ionisation energies 
which are reduced considerably compared with the free-ion values, indicating that the 
wavefunctions still hybridise substantially with the surrounding matrix of atoms and 
become delocalised. 

Density-functional theory has proved very useful as a tool for gaining insight into the 
electronic structure of atoms, molecules and solids in general. Because of the tendency 
of atomic states to delocalise in the solid, one expects the local-density theory to give a 
reasonable, on-the-average description also of the electronic structure of 3d impurities 
in semiconductors. In this paper the full consequences of this assumption are studied: 
we report a self-consistent calculation on tetrahedral interstitial 3d transition atom 
impurities in silicon within the local-density approximation, and predict the 
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‘breathing-mode’ relaxation of the surrounding lattice. Electron paramagnetic reso- 
nance (EPR) studies suggest (Ludwig and Woodbury 1962, Weber 1983) that most 
transition atom impurities in silicon occupy the tetrahedral interstitial (TI) site, preseru- 
ing the Td symmetry of the host crystal. A brief description of the electronic structure of 
these systems (without lattice relaxation) has been given earlier (Zunger and Lindefelt 
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0.00999 Tc 
2.3786 0 Td
(acting )Tj
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1.301 0 Td
(the )Tj
0.00999 Tc 
1.5437 0 Td
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will 
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Hellmann-Feynman (HF) theorem, the force acting on thepth host ion is then given by 

Fp(Q> = 1 ( - Vpups(Ir - RPl))p(r9 QP3r  

where 22 
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where I@(?) denotes a Kubic harmonic of order 1 transforming as the Ath partner in the 
cuth irreducible representation of the group Td. If the U  r @ ( ? )  of the 
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which they are displaced: the larger the initial force is on a given atom, the more it is 
displaced. This feature is reasonable, especially since the distortions are small. The 
initial forces are, of course, not affected by the two approximations in the relaxation 
model, but their chemical trends depend only on the relative accuracy by which Ap(r)  
can be calculated, which is very high in the QBCF method. 

3. Some results from the electronic structure calculations 

In this section we shall give a brief description of some of the main results from the 
self-consistent electronic structure calculations on TI Cr, Mn, Fe, CO and Ni impurities 
in for the impurity atoms we have used the 

atomic pseudopotentials of Zunger and Cohen (1978,1979). 

In the QBCF method (for full details, see Lindefelt and Zunger 1982), all wavefunc- 
tions are expanded in a crystal-field-like manner: 

yrA(r) = I Gg(r)K?(f) .  (15) 

Here the subscript i denotes a particular one-particle state. The radial functions G$(r) 
are expressed in termsof some conveniently chosen set of basis functions {F$(r)}  (usually 
a mixture of Coulombic and atomic wavefunctions): 

where the expansion coefficients are determined numerically. The expansion in equation 
(15) is required to hold only in the central cell (cc) region, i.e. in a sphere centred at the 
impurity site and with a radius Rcc extending out to the nearest-neighbour host atoms. 
In silicon Rcc = 4.44 au both for the substitutional and tetrahedral interstitial sites. As 
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in Cartesian coordinates, 

a'(?) = (4n)-Y2 K$'( i )  = (105/4~)%yz/r~ 

~ i y i )  = ( 2 1 / 1 6 ~ ) ~ ~ [ 3 ( ~ ~ ~ ~  + x2z2 + y 2 2 )  - (x4 + y4 + z ~ ) ] / ~ ~ .  (20) 
Because of the high symmetry, the only non-zero /-components compatible with the al 
representation in Td are 1 = 0 , 3 , 4 , 6 , 7 , 8  etc. In most cases, the defect gives rise to 
partially occupied states. When this happens, the charge density contains, in principle, 
components with symmetry lower than al together with the al-symmetric component in 
equation (19). However, in mean-field calculations the charge density is al-symmetrised, 
i.e. only the al-symmetric component of Ap(r )  is retained (cf mean-field atomic calcu- 
lations where the charge density is spherically symmetrised). This is achieved by popu- 
lating each of the partner functions of the partially occupied states by equal amounts of 
electronic charge. We shall follow this conventional procedure here. 

The shall f e c 
 0 . 0 3 9 9 8 i c  c h a r g e .  by the neutral impurities are 
shown in figure 1. The occupation numbers (in parentheses) have been chosen to be 

consistent with observed EPR data (Ludwig and Woodbury 1962), i.e. to favour high- 
spin states. We see that Ni is predicted to be electrically inactive in 
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Figure 2. Bound-state wavefunction of e symmetry for Si: Fe in the f (1,1,0) directions. 
The shaded area corresponds to 50% of the normalisation integral. 

indicates the part of the wavefunction which corresponds to around 50% of the nor- 
malisation integral. The wavefunction is clearly very atomic-like in the inner cc (almost 
100% atomic d character as mentioned earlier), but with an amplitude that, inside the 
core, is reduced by a factor 0.7 compared with the free atom. Around 50% of the 
wavefunction must thus reside outside the cc, where its amplitude is seen to be relatively 
small. This indicates that the wavefunction can be regarded as being rather delocalised, 
with a large atomic-like peak near the origin. It can therefore be expected that this state 
shows features which are characteristic for both localised states, e.g. multiplet splitting, 
hyperfine interaction, and delocalised states, e.g. many charged states in a narrow 
energy region, like the band gap, and reduced g-factors. Both these features have been 
observed experimentally, as mentioned in the Introduction. 

Even though the gap-state wavefunctions of, for instance, e symmetry typically have 
as much as 50% of their total charge outside the cc, A&) is nevertheless essentially 
localised within this region of space. This is illustrated in figures 3 and 4 for Si:Fe. 
Figure 3 shows the spherically symmetric component Apo(r) of (the impurity-centred) 
Ap(r) ,  and in figure 3(a) the anisotropic component Apd(r) is also shown. At first sight, 
there is a surprisingly large anisotropy in Ap(r) close to the Fe nucleus. The reason is 
that in a mean-field calculation of the charge density for the free 3d atom, the 1 = 4 
component of the charge density for the atomic 3e state cancels that of the atomic 3t2 
state to produce a spherically symmetric charge density, because (i) the two states have 
the 
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2 . 0  
0 1.0 

Dlstance (aul 

Figure 3. (a) Radial components of the change in charge density for Si : Fe. The 1 = 3 
component is too small to be seen in this scale. ( b )  Spherically symmetric component of the 
change in charge density for Si : Fe around the first and second nearest neighbours. 

density around the TI position 
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4 we show the three lowest radial components of the total charge density p(r) (full 
curves) together with the radial components of the host charge density around the TI site 
(broken curves). In the direction towards the 1" at (a/4) (1,1, l), where a is the lattice 
constant, the Kubic harmonics are all positive. Therefore, figure 4 shows that charge 
has been displaced towards the impurity, mainly through the spherically symmetric 
component but also through the anisotropic components. In the direction towards the 
2" at a/2(1,0,0), El(?) = 0 and Q(3) is negative. The spherical 1 = 0 component 
again describes the largest displacement of charge towards the impurity, whereas there 
is an anisotropic depletion of charge through the 1 = 4 component close to the nucleus 
and a minor depletion of charge also at the 2". Except for the peaks in A h ( r )  and 
Ap4(r), which are both inside the impurity core, the defect-induced charge rearrange- 
ment is seen to be small. In this sense the TI 3d impurities interact weakly with the host, 
as pointed out in 0 2 .  We can therefore picture an interstitial 3d impurity as being 
essentially a spherically symmetric cloud of charge, filling out the rather empty region 
around the tetrahedral interstitial position out to the nearest-neighbour atoms, without 
affecting the bonds (or the charge distribution in general) in the rest of the crystal. This 
is to be contrasted to substitutional transition atom impurities and the vacancy (Zunger 
and Lindefelt 1983) for which again the impurity-induced charge rearrangement is 
localised to the cc, but where there is a substantial perturbation (weakening) of the 
bonds due to the deficiency in the number of valence electrons that can repair the broken 
bonds (Lindefelt 1983). 

By analysing the quantities qil, which can also be interpreted as describing how the 
various l-components of the occupied wavefunctions contribute to the total charge 
around the impurity (see equations (17) and (18)), we find that when the atomic 3d shell 
is not completely filled, the atomic 4s electrons go into the 3d shell, i.e. the atomic d"s* 
configuration becomes effectively a d"+mso configuration in the solid. This s-d population 
inversion (Zunger 
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relaxation. We note that the rather small but extended displacements are favourable to 
the present relaxation model. The small displacements make the basic approximation 
in the model less questionable, as discussed in § 2, while the extended nature of the 
distortion (four shells containing 26 atoms with non-negligible displacements) is treated 
simply and accurately by the VF model. 

In order to find out what controls the driving force and hence the relaxation pattern, 
we examine the factors in the integrand in equation (13). Outside the core region, the 
host atom pseudopotential is the same as for a point charge. Inside the core, both ups(r )  
and du,,(r)/d r deviate substantially from the coulombic behaviour, owing to the kinetic 
energy versus potential energy cancellation effected by 
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value and becomes positive at around r = 1.5 au. It turns out that this feature controls 
the opposite displacements of the 1” and the 2”. In figure 9 we have plotted the 
integrand in equation (13) using the 1 = 1 projected density corresponding to the 1”. 
For comparison we have also plotted the integrand using a point-ion potential (broken 
curve). The areas under core radius to infinity gives the same 

attractive contribution to the electronic force for the two potentials. Inside the silicon 
core, however, negative 

(attractive) 

AF, overwhelms the positive AFi ,  resulting in a net inward relaxation, 
whereas for the pseudo-ion the less negative AF, is overwhelmed by AFi ,  producing a 
net outward relaxation. Since for the 2” atoms the magnitude of the corresponding 
1 = 1 projected density has a sign in the inner core region which is opposite to that for 
the ~ N N ,  the non-coulombic behaviour in the pseudopotential will have just the opposite 
effect, i.e. increasing the attractiveness of AF,, leading to an inward relaxation when 
balanced against AFi .  Thus, the opposite directions of relaxation for atoms in the 1“ just the 
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a curve in figure 10 by a parabola, the 1 = 1 projected density magnituden,@)(r) can be 
calculated analytically. We find that for small r ,  n$”(r) = M where CY > 0 if the atom is 
situated to the left of the minimum of the parabola and CY< 0 otherwise. For larger r ,  
n$’)(r) must become positive because of the positive peak in A&(r). But we have just 
seen how apositive (negative) value of atends to favour an outward (inward) relaxation. 
In this way it is seen how the direction of relaxation is determined by the position of the 
atoms in the 




