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Pseudopotentials from orbital-dependent exchange-correlation functionals
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Norm-conserving pseudopotentials are generated on the basis of the optimized potential (@&thhd
combining the exact exchange with two different correlation functionals, i.e., the orbital-dependent form of
Colle and SalvettiCS) [Theor. Chim. Acta37, 329 (1975] and the local density approximatiqhDA).
Application of both types of OPM pseudopotentials to a number of diatomic molecules leads to substantially
different predictions for spectroscopic constants, thus indicating the importance of a suitable choice for the
correlation functional to be used in the OPM context. Moreover, while the CS values are closer to the
experimental data, our results nevertheless indicate that a really adequate correlation functional for use with the
exact exchange is not yet available. In any case, both variants of the OPM-based pseudopotentials show an
improved transferability compared with standard LDA pseudopotenfialid)50-294{®8)03811-9

PACS numbgs): 31.15.Ew, 31.10tz, 71.15.Hx, 71.15.Mb

Many electronic structure calculations for molecules andconstruction scheme and that an adequate correlation func-
solids are based on density functional theory, in which alltional for use with the exadk, is not yet available.
complex many-body effects are absorbed into the exchange The PP scheme df7] starts with an all-electron calcula-
(x) and correlatioric) energy functionaE,.. While the stan-  tion (for which the relativistic OPM[13] is used in this
dard approach tcE,. is the local density approximation Work), employing a spherical average for open shells. In the
(LDA), orbital-dependent forms @&, ., for which the corre-  case of the LDA, the PP’s are usua_lly co_nstructgd from the
sponding multiplicativecc potentialsy, are obtained via the {@bulated atomic configurations o], in which excited lev-
optimized potential methotDPM) [1], allow the exact treat- e_ls are s_tablllzed by p_artlal ionization and frat_:tlonal occupa-
ment of thex-only energyE, , so that only thet partE, has tion. This procedure is necessary because in the LDA the

to be approximated. As was shown for atdr@s3] and solids exchange potential, decays exponentially for large, so
[4-6], this results in significant improvements upon the that some excited levels of interest would be unbound if the

LDA. However. OPM calculations for complex svstems areground state of the neutral atom was used. For the OPM, on
' : ' . mp YSIEMS A€o other hand, the correct asymptotic behavior of the exact
computationally very demanding and still at the beginning.

; vy leads to much more realistic unoccupied levels, allowing
In order to reduce the computational cost, the use of pseudceﬁe use of the ground-state configuration for all PP’s. We
potentials(PP’9 suggests itself.

) .. have thus examined both sets of reference configurations
In most cases PP's are constructed from explicitlyhere the differences between the resulting PP’s being a
density-dependert,, like the LDA[7] or the generalized  yough measure of their transferability. For each valence level
gradient approximatiolGGA) (see, €.g.[8,9)). As an alter-  wjth quantum numbersj a PP is constructed so that its
native, recently a combination of a Dirac-Fock Ca'CU|ati0n|owest (nonrelativistig eigenstate agrees with the proper|y
for the atomic core and an approximate OPM calculation fomormalized upper component of the all-electron spinor be-
the valence electrons, utilizing the Krieger-Li-lafrateLl) yond a suitably chosen core radi[@” (therc,lj of [7] have
schemd 10] for the exactE, and the LDA or GGA forE,, been used throughoutThe nodeless pseudo-wave-function
has been used to generate PPS§ It is well known, how- is then modified inside the core to achieve norm conserva-
ever, that the success of the LDA to some extent relies on #on, leading to the corresponding screened LF%E{,J- . Fi-
cancellation of errors between ixsandc parts. As soon as nally, subtraction of the valence Hartree axaipotentials,
the exactE, (the Fock termis utilized, one can no longer i.e., vy[n] and v, n], evaluated for thgpseudgvalence
benefit from this type of error cancellation, so that the use olensityn,, from v;¢); gives the unscreened PP,
a particularly accurate form &, seems recommendable. As
such, the Colle-Salvet{CS) functional[11], which has been
shown to give excellenE, for light atoms[3], offers itself.
In this contribution we present eonsistentconstruction of
norm-conserving PP’s on an OPM basis, extending the Pin which all interaction effects between the valence electrons
approach of7] to the combination of the Fock term with the are eliminated.
orbital-dependent CS functional. The important role of ¢the While for explicitly density-dependeri, . the evaluation
functional used in the PP construction is investigated in deef v,.([n],r)=JE,./én(r) is straightforward also fom
tail by comparing the Fock CS PP’s with PP’s calculated=ngg, the situation is somewhat more complicated for
from the combination of the exa&, with the LDA for E.  orbital-dependeng,., for which the functional derivative
[in the form of Ref[12]—Vosko, Wilk, and NusaifVSN)]: has to be evaluated indirectly via the OPM. In the all-
We demonstrate that the molecular results obtained witlelectron case one uses the unique correspondence between
OPM-PP’s depend rather sensitively on this input to the PRind the Kohn-ShantKS) orbitals to replacesE,./én by

Vps (N =g (N = vr([Npsl.N) —vxe([Npsl, 1), (1)
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FIG. 1. Internalv, of valence electrons for Si, obtained by so-
lution of Eq. (3) for all-electron and pseudo-orbitals.

functional derivatives ofg,. with respect to the orbitals.
However, as for <r.; the pseudo-orbitalgf;® belong to
differentv g,
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FIG. 2. Pseudopotential, for the 3s orbital of Na: OPM re-
sults for two functionals, i.e., the combinations of the exact ex-
change(F) with either the Cq11] or the VWN [12] correlation
functional, in comparison with LDA result.

diverging at their nodes, as indicated in Fig, they agree
almost perfectly in the relevant bonding regime, thus clearly
supporting the assumption of decouplitthe cutoff radii are
0.97 bohr for the 8 and 1.46 bohr for the 3 level).

The unscreened s resulting from both combinations of
orbital-dependent andc functionals for the 8 orbital of Na
are shown in Fig. 2 in comparison with their LDA counter-

from a rigorous point of view. On the other hand, in the part. One finds that ,s becomes more shallow when going

physically relevant valence region aff;; are identical with
the all-electron potential, and thg;® are identical with the

from the LDA to the Fock/CS and finally to the Fock/VWN
(combination of exact exchange with VWN correlatiomri-

corresponding all-electron orbitals. Moreover, the basic conant of the OPM. At the same time, the position of the mini-
cept of PP’s implies that the form of the pseudo-orbitals inmum of v ¢ is shifted to larger values. Differences of the
the core region is essentially irrelevant for their physicalsame size are obtained, e.g., for K, while they are smaller for
properties(as long as the orbitals are norm conserving andC and Si(though not being negligibje demonstrating that
smooth—compargs]). Consequently, one would expect that the OPM does not just lead to modifications of the same

in spite of the nonlocality o, the form of theef;® for r
<r¢,; does not substantially affeet,[nys] in the valence

magnitude and form for all elements. This varying impact
results from a subtle cancellation of much larger differences

regime. This suggests to rely on the standard form of thdetween the correspondim@‘; andv, nygl: In the valence

OPM [1,13] for the calculation of the internal,. of the
pseudo-orbitals,

3.7 5nps(r)

f d r SC/ 1t
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regime the exact, of the OPM, which completely cancels
the “spurious” self-interaction irv, is much more attrac-
tive thanv;®*, and in addition one has;®*<v$°<0. Tak-

ing the difference between the eigenvalue of the highest oc-
cupied orbital and the experimental ionization potentiB)

as quality criterion, the Fock/CS OPM leads overall to the
most realisticv . [3]. However, for a number of atomss,
e.g., B the exacw . must be repulsive in the valence regime,
as the exact-only eigenvalue$2] are larger than the experi-
mental IP’s(compare[15]). Thus for these atoms even the

i.e., to definesns as the response of the density if the samesign of the CS correlation potential is incorrect in the valence

SC

psj [Note that theE, . used

perturbationdu ; is added to al

regime, so that the resulting Fock/CS PP’s in spite of the

in this work do not depend on the KS eigenvalues, so that nimproved v, are not necessarily more realistic than LDA-

corresponding term appears in E8)]. We just remark that
nonlinear core correctiorfd4] can be easily incorporated in

PP’s[16].
For a number of elements we have found sizeable kinks in

this scheme by including the frozen all-electron core states ithe Fock/CS PP’s for very small(see Fig. 2 This structure

Eq. (3).

originates from the CS contribution tg[ ny], required for

The assumption of an approximate decoupling of the corgeq. (1). However, this unphysical feature, which is due to the

and valence regimes which underlies E?).can be tested by
solving Eq.(3) for two sets of valence orbitals which only
differ in the core region. In Fig. 1 we thus compare the

resulting from Eq.(3) for the valence electrons of Si ob-
tained with (i) the original all-electron wave functions and
(ii) the ¢f*. Although the twou, differ completely in the

core region(with the v, of the all-electron valence orbitals

specific form of the semiempirical CS functiorand sensi-
tively depends on the choice of j;), does not affect mo-
lecular results as the valence density is negligible in this
region. To illustrate this point we have generated an alterna-
tive set of Fock/CS PP’s for Na by extrapolating their form
in the vicinity ofr=0.5 bohr smoothly to the origin, thereby
eliminating the kinks. This leads to Fock/CS PP’s which are
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TABLE I. Percentage deviations of bond lengthsr{) and energiesAD,) obtained with pseudopoten-
tials resulting from two different atomic valence configuratidese text Fock/VWN-OPM versus LDA

results.
Arg AD,
OPM LDA OPM LDA
Li, 0.0 -1.0 0.6 3.0
Na, 0.3 -0.7 -0.7 5.2
K, 0.9 2.2 -0.5 5.0

almost indistinguishable from their Fock/CS VWN counter-a conventional density-functional treatment of the valence
parts forr <0.5 bohr. The energy surfaces for N&sulting  electrons in the molecular computation, thus using the OPM
from both versions of the Fock/CS PP’s via the calculationabnly to construct an optimal Fock space for the molecular
scheme described below differ by less than 310V, thus  problem. In this respect, our results demonstrate what can be
justifying the smoothing procedur@learly, one would ex- gained by simply replacing the standard LDA-PP’s by OPM-
pect that a first-principles, orbital-depend&pt[17] does not  PP’s in presently available codes, i.e., without any additional
require any smoothing—all Fock/CS data given below haveeomputational cost. On the other hand, the above scheme
been obtained with the original unmodified Fock/CS PP’s allows us to separate the relevance of defunctional for

On the other hand, in the bonding regime the OPM-PP’s ddhe form of the PP’s, whose analysis is our main objective,
not show any artificial structures as have been reported fdirom that for the actual molecular calculations. Note that this
GGA'’s [8]. Consequently the OPM allows the constructionprocedure is consistent as the internal atomgocontribu-

of soft PP’s, which is an important criterion for plane-wavetions of the valence electrons are eliminated from the final
calculations. vps Via Eq. (1) [18].

In order to examine the impact of the orbital-dependent We have solved the two-center KS equations on a prolate
treatment ofxc effects in PP’s on chemical binding, we have spheroidal mesh, expanding the KS orbitals in terms of Hyl-
studied a number of diatomic molecules, employing the localeraas basis functiongsee [19]). In all calculations j-
spin density approximatiofLSDA) in all molecular calcula- averaged PP’'s (vpgi=[(1+1)vps)+12H10psi1-1/21/ (2]
tions. This scheme has been chosen for two reasons: On thiel)) have been applied, taking the PP for the highest a
one hand, the application of orbital-dependent methods ttocal potential(for H we have used the exact Coulomb po-
molecules or solids is computationally very involved, so thattential, rather than a BP
it is presently limited to very small or highly symmetric sys-  First of all, we have examined the dependence of the mo-
tems. In order to utilize the OPM-PP’s, e.g., in molecular-lecular results on the atomic configuration used for the con-
dynamics simulations one would have to combine them wittstruction ofv ;. From both the configurations ¢7] and

TABLE Il. Bond lengthsr, and energie®, for diatomic molecules: Comparison of Fock/CS-OPM and Fock/VWN-OPM with LDA
pseudopotential&he percentage of deviation from experiment are given in parenthesemdD, (zero-point energy is subtractedave
been obtained by a fit to a Morse potential. Experimental values are takerf Z&m

re (bohn
Expt. Fock/CS-OPM Fock/VWN-OPM LDA
Li, 5.05 5.03 ¢0.4) 5.22 (3.9 4.97 (-1.7)
Na, 5.82 5.73 ¢ 1.5) 5.99 (3.0 5.45 (—-6.4)
K, 7.38 7.39 0.2 7.69 (4.2 6.84 (~7.4)
HF 1.73 1.76 1.8 1.76 (1.8 1.76 1.7
C, 2.35 2.35 ¢0.1) 2.36 (0.6 2.34 (—=0.4)
P, 3.58 3.58 0.9 3.62 (1.2 3.55 (—0.8)
Sip 4.24 4.30 1.9 4.37 (2.9 4.27 (0.5
De (eV)
Expt. Fock/CS-OPM Fock/VWN-OPM LDA
Li, 1.05 1.04 ¢0.7) 0.94 10) 1.04 1.1)
Na, 0.72 0.84 7 0.75 (5) 0.88 (23
K, 0.51 0.61 (20 0.55 (7) 0.69 (35
HF 5.87 6.86 17 6.72 (15) 6.71 )
G, 6.21 7.32 (18 6.77 (9) 6.78 (9)
P, 5.03 6.25 (29 5.67 13 5.95 (18

Si, 3.21 4.11 (28 3.78 (18 3.95 (23
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the ground-state configurations with unoccupied excitedrariant of the OPM, one finds that the bonds are weakened
states, we have generated OPM-PP’s and LDA-PP’s for Limuch less. As a consequence, the errors.iin most cases
Na, and K, restricting ourselves 8&p componentgand to  are significantly reduced when going from the Fock/LDA-
the combination Fock/VWN of the OPMand applied them  pp’s to the Fock/CS PP’s. The only exceptions areaBid

to the corresponding dimers. The percentages of deviatiopF, where even the LDA-PP’s lead to an overestimation of
between the resulting spectroscopic constants are listed i |t seems likely that these particular problems are related
Table I. Although the ground-state configuration represents g the incorrect behavior of the CS correlation potential in
rather extreme basis for LDA-PP’s, Table | neverthelessyq asymptotic regime of Si and F, thus indicating the need

demonstrates that LDA results are more sensitive to the,. - 1 ore accurate orbital-dependét than the CS func-
atomic reference con_flguratlon than OPM da_ta. .Th's Indl'tional (the core polarization effects neglected in our calcula-
cates that the error introduced by the linearization of th

core-valence contribution to,. implied in Eq. (1) is much fion reducere by less than 0.01 bofi2] in the case of HF

smaller for the exact, than for the LDA(a similar obser- ﬁ\s fs/rcagggls c?nﬁtelrngd, the ptlrclr,e 'Sfr][ﬁt aslkclle_ar. \tNr”e
vation has been made for Hartree-Fock PR8]). Conse- oc S shightly improve hbe's of the alkali-meta

quently, the transferability of OPM-PP’s to other chemicaldimers, they clearly overestimate tbe's of the other mol-
environments should be better than that of LDA-PI24]. ecules examined. T_hese results suggest that in order to obtain
For a comparison with experimental data we thus contras'€ correct energetics of molecules, an ORMKLI) treat-
OPM-PP’s from the ground-state configuration with LDA- ment ofEx in the molecular calculations is mandatory. For
PP’s from the configurations ifi7], including's, p, andd such calculations consistent OPM-PP’s should be particu-
components. The equilibrium distances and dissociation larly suited.
energiedD,, resulting for some diatomic molecules are given In any case, the substantial differences between the data
in Table Il. While the tendency of the standard LDA schemeobtained with Fock/CS and Fock/VWN PP’s emphasize the
to overbind is a well-known fact, the use of the exact ex-importance of a suitable choice of théunctional to be used
change in the PP’s weakens the bonds, consistent with Fig. #ith the exactE,. In fact, not only VWN but also the CS
However, Fock/VWN PP’s produag,, which are systemati- functional does not seem to be an ideal counterpart. It re-
cally larger than the experimental values. We attribute thismains to be investigated whether the first-principles orbital-
behavior to the fact that in Fock/VWN the LDA's overesti- dependenE, put forward in[17] can fill this gap.
mation of atomids, and the corresponding deficienciewin . .
are no longer compensated by error&jnando, of opposite _ We vyould like to thanl_< R. M. Dreizler for very valuable
sign. Although the correspondiriy, are not completely un- discussions and his continuous support, and H.-didkey H
realistic, these results clearly show that the exacshould ~ Stoll, and M. Dolg for very helpful correspondence. Finan-
not be combined with the LDA foE, . cial support by the Studienstiftung des deutschen Volkes
On the other hand, focusing on the PP’s from the pres{A.H.) and the Deutsche Forschungsgemeinsctfoject
ently most reliable orbital-dependent scheme, the Fock/C$lo. Dr 113/20-2 is gratefully acknowledged.
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