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ABSTRACT 

We calculate a6 initio values of tight-binding parameters for the f-electron metal Ce 
and various phases of Si, from local-density functional one-electron Hamiltonian and over- 
lap matrix elements. Our approach allows us to unambiguously test the validity of the 
common minimal basis and two-center approximations as well as to determine the degree 
of transferability of both nonorthogonal and orthogonal hopping parameters in the cases 
considered. 

INTRODUCTION 

The success of local-density functional calculated total energies and forces and the syn- 
thesis of these techniques with molecular dynamics has opened up major new possibilities 
for atomistic simulation [l, 21. The expense of such ab initio molecular dynamics calcu- 
lations, however, remains a drawback which has focused attention on the use of cheaper 
electronic calculations as in tight-binding molecular dynamics [3]. The tight-binding total- 
energy representations required for this application are typically developed by fitting large 
ab initio generated data bases of band structures, total energies, and possibly forces over 
the range of stoichiometry, coordination, and atomic volume which are of interest [4]-[lo]. 
Unfortunately the nonlinear optimization required in such fits becomes more and more 
difficult as the number of chemical species increases, and the time required to generate the 
data bases can also become prohibitive. Ideally one would like to automate the process, 
perhaps with ab initio calculation of the representation itself. While this is a challenging 
goal, it may be useful to begin with an examination of what our local-density functional 
methods are actually doing from a tight-binding perspective. This approach enables direct 
tests of the accuracy and transferability of the resulting tight-binding parameters while 
at the same time providing insight into the general characteristics required for a robust 
parametrization. 

In a recent paper [ll], we have shown that tight-binding parameters may be directly 
and simply calculated from the k-dependent one-electron Hamiltonian and overlap matrix 
elements generated by any band structure method which is formulated in or can be pro- 
jected onto a localized basis. After briefly reviewing these theoretical concepts and the 
FP-LMTO method [12] h h w ic we use to calculate these matrix elements, we extend such 
calculations here to include an f-electron metal, Ce. By a comparison of the ab initio bands 
and those reconstructed from the calculated tight-binding parameters we assess two major 
approximations customary in tight-binding: use of a minimal basis and the two-center 
expansion. We then report new results for a range of coordinations in Si, and discuss 
the issue of transferability in terms of the ub initio calculated nonorthogonal parameters. 
Finally we turn to the impact of orthogonalization on transferability, again for the case of 
Si, and then provide a summary. 



THEORETICAL METHODS 

Tight-binding Parameters 

To facilitate subsequent discussion, it is useful to briefly review the formal relations 
between matrix elements of the one-electron Hamiltonian, H, or overlap, 0, operators 
and Slater-Koster tight binding parameters. For simplicity, we consider only one atom per 
primitive cell, as more general expressions are given elsewhere [ 111. In particular, let ]R&) 
designate an orbital of angular and magnetic quantum numbers e and m, respectively, at 
the lattice site R. Direct and k-space matrix elements of H are related as usual by 

(OlmJHJW’m’) = k c f2k.R H;m,e,,, ) (1) 
k 

where the former are real as we consider m to represent the customary real linear combi- 
nations of orbitals for each e [13, 141 . 

The intersite (R#O) matrix elements may be approximated by a two-center expansion 
in terms of Slater-Koster hopping parameters, teelfi(R). 

(OlmIHJRYm’) a Cgp(em,!‘m’, it) teeIp(R) (2) 
P 

Here, g,(lm, Pm’, I%) are (real) geometric factors [13, 141, p is the magnetic quantum num- 
ber about the bond axis R, ~1 = 0’,7r, +.a ,min(&?), and Rz [RI, R-R/R. Orthogonality 
relations [ 1 l] among the g, give 

tep,(R) = (2 - S,,)-l C gp(t!m,f!‘m’, I%) (OCm~H~FLPm’) , (3) 
7n.m 

which in conjunction with Eq.(l), uniquely defines the Slater-Koster hopping parameters in 
terms of the k-dependent one-electron Hamiltonian matrix elements. Hopping parameters, 
seejp(R), are similarly defined from the overlap matrix elements. 

The essential nature of the two-center approximation in Eq.(2) is the use of the Slater- 
Koster geometric functions, gp(ern, e’m’, R), as a matrix basis for the m,m’-dependence of 
the (Oem]H]W’m’). Eq ua t ion (2) is approximate since this basis is in general incomplete. 
The te.pp are nonetheless precisely defined as the projections of (OlmIHIW’m’) onto the 
existing matrix basis functions. Three-center contributions to the matrix elements aris- 
ing from one-electron potential terms in H close to the bond axis, R, are likely also to 
have significant projections onto these basis functions. “Non-two-center” effects is there- 
fore perhaps a better description of the inadequacies of Eq.(2) than is three-center terms. 
Conversely, the extent to which three-center terms are absorbed into the effective teejp is a 
source of non transferability as will be discussed subsequently. 

The intrasite matrix elements, (OlmIHlOl’m’), d e fi ne site energy, E!, and Slater-Koster 
crystal field parameters, x!!,~( R). 

R#O 
(O.tmIHlOl’m’) x ~&ptS,,/ + c g,(em,e’m’,8)xeef~(lz) (4) 

R,+ 

The latter arise from two-center expansion of one-electron potential terms in H at sites 
R. In contrast to the hopping parameters, the Q and xeelW(R) are underdetermined by the 
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matrix elements of a single structure. The intrasite matrix elements behave as if they were 
characterized by generally a small number of eflective site energies, &Fff, and crystal field 
interactions, x$ ,(R), which can be determined. The former are given by 

eff = 
&e &c w+wm) 7 

m 

= Ee+ 

(5) 

(6) 

showing that site energies extracted from either one-electron matrix elements or band struc- 
ture are intrinsically dependent on local environment. The similarity of Eq.(6) to a pair 
potential sum, moreover, provides justification [ll] f or using environmentally dependent 
site energies in place of interatomic potentials in tight-binding total-energy representations 
[7]. The remaining effective crystal field parameters are discussed elsewhere [II]. 

FP-LMTO Calculations 

We use the FP-LMTO method [la] to obtain the minimal basis matrix elements from 
which the tight binding parameters are calculated according to the above expressions. 
Details are given elsewhere [ll]. In brief, the FP-LMTO method is first used in its most 
rigorous multiple-K form to obtain self-consistent one electron potentials and accurate band 
structures for test comparisons. A linked or contracted minimal basis is then chosen by 
minimization of the occupied one-electron eigenvalue sum using the fixed self-consistent 
potentials. The variables optimized in this way include the relative coefficients of the two 
augmented spherical Hankel functions which form each minimal basis function. The de- 
cay energies, -K2, of the Hankel function tails correspond to K: = 0.5 Ry with 6; also 
optimized in the range l-l.5 Ry. The tight binding parameters are then calculated from 
the resultant minimal basis Hamiltonian and overlap matrices. When discussing issues of 
transferability between different structures, as here for Si, we also first perform a unitary 
transformation which “rotates” all Hamiltonian and overlap matrices so as to guarantee a 
perfectly transferable, two-center overlap while preserving the band structure. This allows 
all issues of non-two-center effects and transferability to be addressed solely in terms of 
the Hamiltonian hopping parameters. All muffin-tin radii in both multiple-K and minimal 
basis calculations were taken to be nearly (reduced by ~1%) touching, unless otherwise 
stated. 

APPROXIMATIONS 

Tight binding representations of the one electron Hamiltonian typically make two ap- 
proximations: (1) use of a minimal basis, and (2) the two-center approximation. We 
examine these approximations separately here for the case of fee Ce at the experimental 
volume of the (Y phase. 

Figure l(a) compares our best multiple-& band structure (solid lines) to the linked 
minimal basis representation (dots). The former calculations included three (K~ =O.Ol, 1, 
2.3 Ry) augmented spherical Hankel basis functions of each em type for s and p states, 
two (K;~ =O.Ol, 1 Ry) for d states, and one (K~ =O.Ol Ry) for f states. The dimension 
of the Hamiltonian and overlap matrices was therefore 29 = 3 x 1 + 3 x 3 + 2 x 5 + 1 x 
7 at each k point. Our linked minimal basis treatment used two augmented spherical 
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Figure 1: Band structure for fee Ce: (a) comparison of our best multiple-ic bands (lines) 
to the results from the minimal basis (dots), and (b) comparison of the minimal basis 
bands (lines) to the tight-binding bands reconstructed from the tight-binding parameters 
calculated from the minimal basis matrix elements (dots). 

Hankel functions (fi2 =0.5, 1.2 Ry) t o represent each atomic orbital; however, the relative 
coefficients were fixed so that the linear combination for each &n served as a single atomic 
orbital, leading to Hamiltonian and overlap matrices of dimension 16. The important 
distinction between multiple-K and linked calculations is that the relative coefficients of 
different augmented spherical Hankel functions corresponding to the same em may vary 
with k-vector for different eigenfunctions in the first case, whereas they are fixed and k- 
independent in the latter. These coefficients come out of solving the one-electron eigenvalue 
problem in the first case, while they were obtained by optimization of the occupied one- 
electron eigenvalue sum, as noted above, in the latter case. 

The agreement between the two sets of bands in Fig. l(a) is on the whole quite good. 
The rms differences are 0.17 and 0.02 eV for the two lowest bands, and 0.02f0.01 eV for the 
seven predominantly f bands between 0.2-l eV, as determined at 145 points throughout 
the Brillouin zone. The only significant discrepancy is in the lowest band, primarily at 
and nearby the pure-s I? point. We believe this is due to the minimal basis orbital being 
too localized, given analogous behavior for other materials where we have sometimes found 
unusually slow convergence at s-like I’ points as a function of shell cut-off in our ab initio 
tight-binding representations. Moreover, since s-s contributions from different directions 
and shells should contribute constructively at the r point, a symptom of a too-localized s 
basis orbital should be a too-narrow s band with a bottom which is too high in energy as 
is seen. While we would expect smaller values of /c2 to remedy this problem in the minimal 
basis treatment, this would also lead to longer ranged tight-binding representations. 

Figure l(b) compares the minimal basis band structure for fee Ce (solid lines) to the 
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tight binding bands (dots) reconstructed using hopping parameters given by Eq.(3) and 
its overlap analog, the effective site energies given by Eq.(5), and four effective near- 
neighbor crystal field interactions (one of, one dd, and two ff) obtained as discussed in 
[ll]. The cut-off for the tight binding parameters was d max a - 2.25, where a is the lattice / - 
constant. We verified convergence with d,,, by obtaining essentially identical bands using 
d,,,/a = 2.99. 

The rms differences between the two lowest bands in Fig. l(b) are 0.24 and 0.10 eV, 
respectively, and 0.08f0.04 eV for the seven predominantly f bands. The most serious 
discrepancies occur for the lowest band, at and near the mostly d-like X (sd hybrid), W 
(pdf), and L points (sd). All d’ff 1 erences between the two sets of bands in Fig. l(b) are due 
entirely to non-two-center effects, i.e., to m, m’ dependence of the matrix elements in Eq.(l) 
which can not be spanned by the two-center geometric functions. Since such dependence 
is likely to arise from three-center contributions to the matrix elements, and these should 
become less important for more localized bases, one would expect better agreement between 
the minimal basis and tight-binding bands for more localized bases. We find this to be the 
case in calculations where we have taken the minimal basis orbitals to be just the K’ = 0.5 
Ry augmented spherical Hankel functions. The near-neighbor overlap hopping parameters 
for this basis are smaller by 24, 47, and -70% for the ssg, sda, and ddp parameters, 
respectively, compared to the linked basis. The corresponding rms agreement for the 
lowest band between minimal basis and tight binding results is improved for this basis by 
a factor of 4, to 0.06 eV, over the result using the linked minimum basis. Unfortunately, 
while there is improved agreement between the minimal basis and tight binding bands, 
both are in poor agreement with our rigorous multiple-K bands. 

The rms agreement between minimal basis and tight binding 4f bands in Fig. l(b) 
is about 10% of the 4f band width. One might have thought that the 4f orbitals were 
already sufficiently localized even in the linked basis to be immune from non-two-center 
effects. Note, however, that the number of two-center geometric matrices goes up only as e 
while the size of the m,m’ matrices which they are asked to represent increases by (2e + 1)“. 
It would appear ‘that non-two-center effects become worse with increasing e. 

TRANSFERABILITY 

In previous ab initio calculations of the hopping parameters for the silicon-boron sys- 
tem, we obtained relatively transferable parameters in so far as chemical and atomic-volume 
variation were concerned, however, there were indications of significant coordination de- 
pendence in the parameters [ll]. We explore the coordination issue further here for the 
face centered cubic (fee), body centered cubic (bee), simple cubic (SC), and cubic diamond 
(cd) phases of Si, i.e., coordinations of 12, 8, 6, and 4, respectively. 

Figure 2 shows the ratios -tepp(d)/ .s~~~~ (d) for the sp subset of our calculated parameters 
for the four phases of Si. The calculated values are shown as the data points which appear 
in triples for each neighbor distance, corresponding to the theoretical equilibrium volume, 
Vo, and (1 f 0.2)V0. Th e 1 ines connecting these points pass through the first neighbors for 
all three volumes, then the second, and so on. These parameters correspond to the rotated 
matrices described above, so that the seeID are perfectly transferable by construction. A 
rigid shift of any band structure by A& will change the corresponding teetp --+ tee/P + A& seep 
in the case of a nonorthogonal basis. We have therefore plotted the -tee~p/seelCL ratios in 
Fig. 2 on the same energy scale, so that such a rigid band shift for a given structure may 
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Figure 2: Negative ratios of the Hamiltonian and overlap hopping parameters, -teelfi/seelp, 

for Si structures. 

be envisioned by moving all four &!‘p curves for that structure up or down by the same 
amount. No such shifts have been performed; however, the results in Fig. 2 are as obtained 
directly from the minimal basis matrix elements. The full set of calculated spd parameters 
reproduce our best multiple-K band structures to within an rms of 0.1-0.2 eV for states 
up to 4 eV above the Fermi level, an energy range of 15-20 eV. Note that the actual 
magnitudes of the t's change by factors of -20 or more over the d range covered in Fig. 2, 
and that one could draw smooth curves through the calculated teeIll for all volumes and 
neighbors of a given structure which would follow this variation to within about 5% or so. 

The essential conclusions to be drawn from Fig. 2 are that the high coordination fee and 
bee parameters track each other fairly well while the lower coordination structures have 
systematically smaller t's. Even if rigid band shifts were used to align the near-neighbor 
parameters more closely for all structures, the latter comment would still apply to the 2nd 
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and 3rd neighbor values with spreads of lo-20% and 15-35%, respectively [15]. In the 
remainder of this section, we discuss these conclusions to see if they are consistent with 
intuitive expectations. 

Suppose that the self-consistent one-electron Hamiltonian can be approximated by 

II = gV2+CvR, 
R 

where the un(r) are spherically symmetric about R and 

P-9 

It then follows from Eq.( 3) and the g, orthogonality relations that 

tw(@ = f$&e -I- eel) seelp(R) + Ate,,,(R) 

+(a - 6,,)-’ c c g,(tm, J?‘m’, k) (&?m(vRI IR.fm’) , (9) lx.’ m,m’ 
where At,l,( R) comes from the two-center expansion of (Oem] $ (us + vn) [Re’m’). While 
the VR may of course be structure dependent, a more obvious source of environmental 
dependence of the teetll will come from the three-center matrix elements in the last term of 
Eq.(9). This expression is particularly simple for the ssu case where g,(s, s, 8) = 1. Since 
one might expect the Vn to be negative, these three-center contributions to t,,, should then 
all make positive contributions to the -tssa/s,,, ratios plotted in Fig. 2. An examination 
of the fee, bee, cd, and SC structures shows that the closer packed phases tend to have more 
atoms closer to the shorter bond axes R than do the lower coordination structures, which 
is consistent at least on geometric grounds with the -tss~/sSSa ordering in Fig. 2. 

Additional insight is provided by the canonical band theory of Andersen and coworkers 
[16]. For pure e-bands, one may write the second-order one-electron eigenvalue problem in 
the form 

[Ce + (Ae - reCe)See]z = X(1 - +/eSee)17:, (10) 

where X is the eigenvalue and S ee = [Smm,Rlern,] is the bare canonical structure constant 
matrix. Material dependent potential parameters are the band center, Ce, the band width 
or inverse mass, A,, and a band distortion or nonorthogonality parameter, ye. Given the 
definition of the canonical structure constants [16], it can be shown that Eq. (10) is formally 
equivalent to the nonorthogonal tight-binding problem 

= Ce, 

su,(i; = ye fee@ 2(2[ + l)(Rws/d)2e+1 , 

tee,(d) - &eseep(d) = -Ae feeP 2(2! + 1)(Rws/d)2e+’ , 

(11) 

(12) 

(13) 

where Rws is the Wigner-Seitz radius, fss, = 1, fpp(a,r) = -2,1, and fdd(o,X,~) = 6, -4,1. 
One of the strengths of the LMTO-ASA method [16] h as b een its separation of material 

dependence (potential parameters) from structure dependence (structure constants). The 
tight-binding representation given by Eqs. (11-13) is explicitly transferable to the extent 
that the Ce, Te, and A, are independent of structure, which is known to be the case to a high 

7 



degree for the relatively close packed structures for which the LMTO-ASA method is most 
accurate. Moreover, there has been considerable success in the calculation of structural 
energy differences for relatively close packed materials using canonical band theory [17] as 
well as by the LMTO force-relation technique [18] which both embody these same ideas 
of using fixed potential parameters which we equate to transferable representations. All of 
this experience, as well as the success of new tight-binding total energy representations for 
the transition metals [7], suggest a rather high degree of transferability in the close packed 
limit, in agreement with Fig. 2. 

ORTHOGONAL BASES 

Here we consider the suitability of orthogonal bases by performing Lijwdin transfor- 
mations 1191, H”’ = 0-1/2HO-1/2, t o create (k-dependent) Hamiltonian matrix elements, 
H”‘, in an orthogonal basis. Unfortunately, we find that the Lijwdin transformation am- 
plifies non-two-center effects, as may be seen from the expansion in A0 G 0 - 1. 

Hor=H-i(~O.~+~.Ao)+... (14) 

Terms which are of first and higher order in A0 involve products of the geometric matrices 
which, due to the incompleteness of the g,(e, e’, A) E [g,(!m, Pm’, &.)I, add non-two-center 
contributions to the H”’ matrix elements. We consistently find degraded agreement be- 
tween the orthogonal Hamiltonian matrix elements, (O~m)Hor]Rem’) and their tight bind- 
ing reconstructions, as well as between the corresponding band structures, in comparison 
to the nonorthogonal case. These non-two-center effects diminish for more localized bases. 
In order to focus solely on the effects of orthogonalization in this section, we use a basis 
which is sufficiently localized that the minimal basis, nonorthogonal tight binding, and 
orthogonal tight binding band structures are all three essentially identical. This agree- 
ment comes at the cost, however, of poor representation of the accurate multiple-& band 
structure. 

Figure 3 shows calculations of nonorthogonal, t, and orthogonal, tar, hopping param- 
eters for the fee and cd phases of Si, with appropriate sign changes as required to plot 
positive numbers. As in Fig. 2, the calculated parameters appear in triples correspond- 
ing to Vo and (1 f 0.2)Vo. Th e are connected by lines (solid, fee; dashed, cd) for visual y 
convenience, and the nonorthogonal parameters have been multiplied by three (“3t”) to 
separate the data. The minimal basis chosen corresponded to a single augmented spher- 
ical Hankel function (K’ = 0.5 Ry) for each atomic orbital. In addition, we used smaller, 
fixed muffin-tin radii (Rr,,rr = 1.7 Bohr) for all atoms in order to switch sooner from the 
numerically generated radial wave functions to the faster decaying Hankel function tails. 
For comparison, touching muffin-tins in V/V0 = 0.8 cd Si would have &r = 2.05 Bohr. The 
present nonorthogonal-case overlap parameters, seelP( d), are already so consistent among 
the two structures and three volumes, that there was no need to perform unitary trans- 
formations to guarantee this transferability. The sp subset of these See,,(d) are smaller 
by factors of 1.6-3.8 at the near-neighbor distance, and by factors of 2.2-6.9 at the third 
neighbor distance, in comparison with our optimum linked-basis parameters used in Fig. 2, 
which provided good agreement with the multiple-K bands. 

The first feature to note in Fig. 3 is that the nonorthogonal t’s are in relatively close 
agreement between the two structures and for all three volumes. While the fee near- 
neighbor teefc’s appear to be slightly lower than their cd counterparts, recall that a rigid- 
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t”‘(d) over the range 0 < 7 5 1, corresponding to the Lowdin orthogonalization of H using 
a scaled overlap, 1 + ~(0-1). Th e usual nonorthogonal, t, and orthogonal, tar, parameters 
correspond to the q = 0 and 1 limits, respectively. We generally found that the first order 
corrections, (dPr/d~)JV=s, to the t’s were of the same sign although significantly larger 
(factors of 2 or so) than the exact corrections, to’-- t. Given that the signs of the first order 
corrections tend to be right, we then used Eq.(14) t o obtain analytic expressions for these 
terms for further investigation [20]. In the absence of crystal field, Eq.(14) implies 

x[texpl(R')~~d'lln((R-R'I) t sex~,(R')txel~,((R-R'I)] t -.. . (15) 

Here, g,(e, P, R) - [&m, 4?’ m’, I%)], the x signifies regular matrix multiplication, and the 
dot product, Cm,ml, so that the triple product of geometric matrices is a scalar. The 
bond atoms at 0 and R together with a neighboring atom at R’ define triangles with 
angles 81 and 192 adjacent to the bond, and 4s = K - 8r -612 opposite to the bond. The 
triple product of geometric matrices depends only on these angles, and for the simplest 
t ‘& case is 1 and - cos 0s for the X = s and p contributions, respectively. Both make the 
t z,‘d more positive, i.e., reduce its magnitude, if 0s < 90’. More generally we find for an 
sp basis that most of the contributions tend to reduce the magnitudes of the tzJP if all 
angles are acute, 0 < Or, dz,& < 90”. It is a characteristic of the more close packed phases 
that not only are there more neighbors closer to the shorter bond axes, implying larger 
contributions to Eq.(15), but the associated angles also tend to all be acute so that the 
tar are generally reduced in magnitude. For more open packed structures, on the other 
hand, there are fewer nearby neighbors, implying reduced impact of the orthogonalization, 
and for the cd structure, the smallest triangles have an obtuse angle, so there is greater 
possibility for cancellation amongst the terms in Eq.(15). These geometric considerations 
appear consistent with the results in Fig. 3. 

SUMMARY 

Current interest in tight-binding representations is driven by the need for fast yet 
still accurate calculation of interatomic forces for use in molecular statics and dynamics 
calculations. Given the success of local-density functional methods in the calculation of 
total energies and forces, it makes sense to analyze these methods from a tight-binding 
perspective both to obtain ab initio values of the parameters as well as to gain insight 
into the validity of approximations and assumptions customarily made in tight-binding 
treatments. 

Two fundamental approximations are made in typical tight-binding representation of 
one-electron matrices or band structures: use of a minimal basis and the two-center ap- 
proximation. Although there are some instances where the former approximation could 
be improved, we find on the whole that the use of a minimal basis is quite satisfactory, 
as seen both here for fee Ce and in earlier work [ll] for Si/B phases. The two center 
expansion is by far the more serious approximation. While we find this approximation to 
be quite good for relatively localized bases, we consistently find those minimal bases which 
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most accurately reproduce our best multiple-n bands to be also accompanied by noticeable 
non-two-center effects. This is particularly evident here in d-like states at the bottom of 
the Ce conduction band, as well as in the conduction bands of four-fold coordinated Si/B 
structures [ll]. E ven the 4f states in Ce which should be relatively localized are not im- 
mune. In this regard, we have noted that the two-center approximation is likely to become 
worse with increasing e. 

We have also investigated the transferability of our a6 initio calculated Slater-Koster 
parameters across a range of coordinations for the case of Si, in both nonorthogonal and 
orthogonal representations. In agreement with generally held expectations, we find the 
nonorthogonal parameters to have far better transferability. But even for the nonorthogo- 
nal parameters there is residual coordination dependence which probably originates from 
the three-center terms. It is interesting that three-center terms may well be the source of 
both of the problems discussed in this work. If one imagines separating each such term 
into a component orthogonal to and another spanned by the space of two-center geomet- 
ric matrices, then the former contribute to inadequacies of the two-center approximation, 
while the latter likely contribute to environmental dependence, i.e., non transferability, of 
the two-center Slater-Koster parameters. The use of environmentally dependent fitting 
procedures [9] for the hopping parameter addresses the second but not the first aspect of 
this compound three-center problem. 

It should be acknowledged that tight-binding total-energy representations do not re- 
quire the one-electron matrix elements themselves, which determine both band structure 
and eigenvectors, but only the former. The less demanding representational problem of the 
band structure alone provides more freedom for effective two-center parameters to incor- 
porate what are truly non-two-center effects. Given the fundamental goal of accurate total 
energies and forces, it may well be that such effective parameters are entirely adequate, 
and for that matter, that accurate representation of the ab initio local density functional 
bands is not critical. On the other hand, local density functional theory is itself a paradigm 
for accurate transferable forces, and clear suggestions for improved tight-binding represen- 
tations arise from its examination. One is to go beyond the two-center approximation 
by augmenting the current space of two-center geometric functions. A second point is 
to affirm the use [7] f o environmentally dependent site energies as a more flexible format 
for incorporating the interatomic potential terms ususally incorporated in tight-binding 
total-energy representations. 
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