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Finite-basis-set implementation of subspace density-functional theory for excited states
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The aim of this paper is to study the peculiarities arising in a finite-basis-set implementation of the subspace
density-functional theorySDFT) for the excited states of molecules. The accuracy of different basis-set
calculations is discussed within the framework of the local-density approximation. Small basis sets with
adjustable parameters, optimized for each subspace energy, were found to provide a balanced description of
states. On the contrary, basis sets adjusted to the ground state yield a poor approximation for the excited states.
For the molecules under consideratig,, HeH, and LiH, the SDFT accuracy for excited states compares
well with ground-state density-functional theory calculations. Despite the limited basis set used the excitation
energies calculated are in agreement with the more accurate ones obtained within the wave-function formalism
by the configuration interaction methods.
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Many excited-state density-functional theori€BFT’s) and one has to apply other methods. One of the popular
appeared since the introduction of the subspace theory imethods is to use finite basis-set expansion employed in al-
1979[1]. Depending on the class of problems that one has tenost all contemporary molecular-structure calculations, i.e.,
deal with, some theories are more appropriate than others. /Agach occupied KS orbitap;(r), i=1,2,...N is presented by
noted in Ref[2], the subspace theory is very appropriate fora linear combination of the basis functiong(r), k
degenerate states as it makes use of the whole space of del,2,...m. Thus
generacy, characterized by certain irreducible representation
of the symmetry group of the Hamiltonian, giving densities m
having the symmetry of the externgl potential. This, in effect, i(N=> Cigu(r). (1)
gives Kohn and ShanfKS) potentials that have the same k=1
transformation properties as the external poter8al This
advantage is absent in the case of the general ensemqled . f th bl f selecting the funci
theory developed by Kohn, Oliveira, and Grdgs. In fact, n doing So one faces the problems of Selecting the functions

in their applications these authors restricted themselves t {r). The accuracy of calculations is u|t|_mate|y determined
the equiensemble theory, which is identical to the subspac the degree of completeness of the basis set. At present, the

theory. Single excited state DFTs have also appe&Béd effects due to a basis-set truncation are widely recognized as

whereas time depended DFT is another method widely us g]mﬁ'c? rsc;urrc:? of etrr:O:e)li?]B |n|t||(|) caIClrJIatlons(s;eteri, (Ie.gr.;d
for deriving information about excitations specffd. and reterences the sually a process ot trial a

The major problem in these theories is the derivation of a(error in the choice of the basis set is needed. For ground-state
: G9) calculations much progress has been achieved and use-
good exchange and correlation energy function(p) and ful (zomputational experipen(?e has been accumulpidcl5

potential V,(r,p). An attempt was made initially by Kohn . MR i
[7], but the nonlocal character of this potential did not en-.bUt for the excited stateESs, the situation is far less sat

courage many applications. Successful functional forms Opfactory and this problem is open to discussion.

4 ) . In this paper we are testing subspace density-functional
Exo(p) for excited-state theories have been derived by Nag)fheory(SDFI)ﬂ%) for the case of n?oleculSS and discgss various
[8], who showed the accuracy of her functional forms by

X . L aspects of constructing the basis sets that could provide a
doing numerical applications for atoms and molecules. In

) Flexible scheme to treat in a balanced way the GS and ESs
recent paper it was shown that.(p) for subspaces have the d ai bl | for th dif
same functional form as those of the ground sffe Thus and give reasonable values for the energy differences, e.g.,

T Xcitation energies. In the present application, attention was
one can use the already existing literature on the ground-stafé ) : :

: . ocused on simple molecules,HHeH, and LiH, which can
functionals, where considerable progress has been made re- . .
cently[8,5.10 Pbe adequately described by a small number of basis func-

The subspace density-functional theory for excited statellons. The calculations were carried out for eigenstates hav-

has been tested recently for atof@§ using the local-density ing the same symmetry as the GS as, in general, the mini-

approximation forV,(r.p) [11]. The energies found com- mum principle can be restricted on states transforming

pare well in accuracy with those of the ground-state DFT of ccording to the i_rredgcible representation of the symmgtry
Kohn and co-worker§12]. In applying the theory to atoms group of the Hamiltoniah9]. For these molecules the basis

we had to deal with the single variable the electron- functionsgy(r) have the form

nucleus distance. Thus one could apply numerical procedures

to solve the KS equations. However, for the case of mol- gy (r)=exp{— [ (X°+y%+(z—20?%]}, k=1,2,.m.
ecules, the advantage of the spherical symmetry is missing (2
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TABLE I. Total energies of the ground and excited states for the molecujed.iH, and HeH using the Hartree-FodkiF) and
local-density approximatiofLDA) (nuclear separatioR= 1.4 bohr for B, R=3.014 bohr for LiH andR= 1.5 bohr for HeH; error is given
for the LDA values; all values are in aju.

H, LiH HeH

Method" 35 2'3g Xz* Az Xzt AZS Y czs*
HF -1.133 —0.599 ~7.966 ~7.716 -3.217 —2.975 —2.959
LDA -1.135 —0.654 ~7.914 ~7.786 —3.205 —3.061 —2.978
ExacP ~1.174 —0.681 —8.070 ~7.936 —3.264 -3.114 —3.056
Error % 2.3 4.0 1.9 1.9 18 1.7 2.2

@Basis set optimized for each individual HF and LDA subspace energies, respectively.
PExact values were taken from preciak initio calculations based on configuration interaction apprdaek text

Unlike the traditional atom-centered basis sets widelyenergy. These results are presented in Table | where the HF
used in molecular calculations, we employed the basis funcresults are included for comparison. The ES HF energy was
tions whose exponents) and positions %) were deter- determined using the same scheme as the ES LDA one, but
mined by invoking the variational principle. For the hydro- with E, = E?CF We compare also our results with those of
gen molecular ion, such a basis set of 25 functions was foungreciseab initio calculations based on the configuration in-
to support an accuracy in both the GS and ES energies at thgraction approach obtained by Kolos and Roothaan for H
submicron Hartree Ieve_ﬂ16,1ﬂ. TheSt_a functions showed [19], by Langhoff and Chong for LiHi20] and by Petsalakis
also good performance in ES calculations based on Hartregy o for HeH [21]. Certainly, it is difficult to hope that the
FOCk(HF.) and perturb_at_lonal Schemﬂﬂ' The main d|sa(_:l- Ipoor LDA potential and limited basis sets will yield good
vantage Is that the minimum pr|nC|_pIe results to a nonllr?earesults for the absolute values of the energies. Nevertheless,
optimization that requires much higher computational time e can observe that the SDFT implementation provides a

than usual methods employing the same number of basiy - .
functions. Despite the difficulty of determining nonlinear pa- balanced description of states, i.e., the SDFT accuracy of the

rameters, one expects sufficient accuracy with a smalleF> molecular calculations compares with that of the GS
number of basis functions. Besides, the use of such basis s¢t2A calculations. Indeed, Table II, where the vertical exci-
allows one to hope that error due to incompleteness is conf@tion energies are listed, shows that the SDFT leads to rea-
parable for different states and, therefore, it is possible to segonable results for the energy differences, whereas the HF
a trend in the behavior of energies stipulated without basisaPProximation gives worse results for both the ES energy
set truncation effects. and the excitation energy.

For the correlation energi,.(p) and the exchange and  Thus, one may conclude that it is a success of the theory
correlation potentiaV,.(p), we used the local-density ap- and its implementation the fact that for the molecules under
proximation(LDA) [11] as in Ref[9]. The reason for using consideration we have small deviations of the excitation en-
this V,(p) was to avoid at this stage complications arisingergies from the precise ones.

from nonlocal forms. Calculations for the,#holecule were .
carried out at the nuclear separation distaReel.4 bohr in V. N. G. acknowledges the support by NATO Science

the GS {3.1) and ES (33}, for LiH at R=3.014 bohr in Fellowship Program under Grant No. 107687/D001751. We
the GS Q(lgz +) and the first ES ALS*), and for HeH at  lso thank Dr. Nikitas Gidopoulos for useful discussions.

R=1.5bohr in the GS X?2*) and the ESSA?3 " and
C23 ). The basis sets consisting of nine functions were used TABLE II. Vertical excitation energies in the excited states for
for both H, and LiH. But because of symmetry in,Hunlike H,, LiH, and HeH(error is given for the LDA values; all values are
the case of LiH, one basis function should be centered on thig a.u)

bond midpoint, that isZy=0). The remainder are distrib-

uted in pairs at*z,. For the HeH molecule a basis set Ha LiH HeH

contained 14 s Gauss!ans. _  Method iy + ALs + AZS c2s
To make clear the influence of a basis set on energy ei- g

genvalues, we performed calculations using different basis HF 0.534 0.250 0.242 0.258

sets:(i) optimized for the HF energy(ji) optimized for the LDA 0.481 0.128 0.144 0.218

LDA GS energy, andiii ) specifically optimized for the sub- ExacP 0.493 0.134 0.150 0.208

space LDA(GS+ES) energy. The exponents and positions of  Error % 2.4 45 4.0 4.8

the basis sets are available from the authors on request. As
expected, the results of our calculations showed that a godtasis set optimized for each individual HF and LDA subspace
basis set for LDA is not good for the HF scheme and viceenergies, respectively.

versa. The best energy values were achieved with the basiExact values were taken from preciak initio calculations based
sets specifically optimized for each individual subspace LDAon configuration interaction approatkee text
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