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van Leeuwen and Baerends proposed a Becke-like nonlocal correction to the local-density-approximation
(LDA) exchange-correlation potential so that its asymptotic structure becomes exaetlire[Phys. Rev. A
49, 2421(1994]. They showed that it significantly improves the value of the highest occupied orbital eigen-
value of atoms and molecules. However, the correction is exchangelike in nature. With this in mind, in this
paper we investigate how this correction affects the total energies and highest eigenvalues within the exchange-
only approximation. We show that the potential also corrects the LDA errors substantially within this approxi-
mation, and leads to total energies and high eigenvalues which compare well with their Hartree-Fock coun-
terparts. Improvement in the asymptotic behavior of the potential should also result in better values of the
response properties of these systems. We show that with this correction one obtains better estimates, both
within the exchange-only approximation and with correlation included, of the linear and nonlinear polarizabil-
ities of inert gas atoms . This is quite significant, since the LDA is known to overestimate the nonlinear
polarizabilities of these atoms by roughly 100%. On the other hand, for alkaline-earth atoms the values of
polarizabilities obtained with this correction are not satisfactory. Nonetheless, hyperpolarizabilities show a
marked improvement over the LDA resulf§1050-294{@9)06711-9

PACS numbgs): 31.15.Ew, 31.10+z, 32.10.Dk

[. INTRODUCTION density, they still do not give the asymptotic potential cor-
rectly. For example, the BecKd 3] correction to the LDA
Over the years, density-functional thed®FT) [1,2] has  gives the exact exchange-energy density in the asymptotic
emerged as a powerful method to determine the electronitegion, but the corresponding potential decdy$] as
structure of many-electron systems. Although the theory carr 1/r>. Thus, whereas the total energies obtained from these
be imp|emented 0n|y with approximate forms of the ex_fUnCtionals may be hlghly accurate, the hlghest OCCUpiEd or-
change and correlation energy functionals, its popularityPital eigenvalues still remaifil6] way off from their exact
stems from the fact that it is computaionally easy and leag¥alues of the negative of the ionization potential. One way of

to reasonably accurate results for a number of properties dfctifying this situation is to add to the LDA potential a term

interest. The most popular among the various approximaWhiCh leads to the correct asymptotic behavior. In the con-

tions is the local-density approximatidhDA) [1,2], which text of theX« [17] potential, this was done with the addition

: : ; T . of Latter[18] correction. Recently van Leeuwen and Baer-
has been the mainstay of DFT calculations since its inceptiof ) .
[3,4]. However, one ())/f the most serious drawbacks ofptheendS(LB) 18] also took this approach to modify the LDA

. N . . . otential. They showed16] that with the correction sug-
LDA is that it fails to describe the asymptotic region of a P : . .
C . ested by them accurate estimates of the highest occupied
system accurately. This is because the tail of the LDA pog y N ! '9 up!

- . o ‘orbital eigenenergies and linear response propelfiasl9
tential is exponential rather than1/fr, which is the correct 4o gptained. However, whereas it is evident that the LB
asymptotic structurgd] of the exact potential. Thus, proper- cqrrection improves the orbitals and the density in the

ties that depend primarily upon the density or orbitals in thisasymptotic region, it is not clear how the overall density is
region are not given as accurately as, for example, the totaitfected. In this paper we study the LB potential from this
energy. As an example, the highest occupied orbital eigerperspective, and show that it also describes a many-electron
values, which in principle should be equal to the negative okystem well in this respect. We do this by calculating the
the ionization energigls—7], are roughly only half as much. total energies, highest occupied orbital eigenvalues, and
This implies that the LDA does not bind the outer electronsstatic linear and nonlinear response properties of some
as tightly as they are in reality. This is also manifestedatomic systems. In Sec. Il below, we describe the LB correc-
clearly in the values of the response properties of atomsion and show within the exchange only, that both the total
[8—1Q and molecule$11,12. For example, the linear polar- energies and the highest occupied orbital eigenvalues for
izabilities of the noble gas atoms calculated from the LDAthese systems come out to be quite close to the correspond-
orbitals are always overestimatésy about 10% of the ex-  ing Hartree-Fock(HF) values. In Sec. lll we calculate the
perimental results. The nonlinear polarizabilities are muchinear- and non-linear-response properties of these atoms and
more sensitive and are overestimated by a much largdons employing the orbitals obtained from this potential and
amount &100%) when calculated from the LDA orbitals. demonstrate the effect of the LB correction both in the
Although over the past decade or so, many new functionalexchange-only(XO) case as well as in the fully correlated
[13,14 have been constructed that improve upon the LDA(XC) case. We conclude the paper with a discussion in
by including the nonlocality in terms of the gradients of the Sec. IV.
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Il. VAN LEEUWEN AND BAERENDS CORRECTION TABLE |. Total energies and the highest occupied eigenvalues
TO THE POTENTIAL AND THE ENERGY of inert gas atoms, alkaline earths, and halogen anions in the

. . exchange-only LDA, LDA-LB and Hartree-Fock theory.
Taking a cue from Becke’s correctioii3] to the ex-

change energy density, LB propoddd] a similar correction  atom Eground state — €

to the LDA potential directly instead of modifying the en- LDA LDA-+LB HF® LDA LDA+LB HF®?
ergy functional and then taking its functional derivative. As
noted above, Becke’s correction gives the correct exchangeie 2.724 2.810 2862 0517 0.796  0.918
energy density in the asymptotic region but fails to give theNe 127.491 129.426 128.547 0.443 0.725  0.850
exact behavior for the corresponding potentidérived as  Ar 524,518 529.045 526.817 0.334 0.528  0.591
the functional derivative To rectify this, LB wrote the ef-

fective exchange-correlation potential as Be 14223 14533 14573 0.170 0.283  0.309
o . Mg 198249 200.890 199.615 0.142 0254  0.253
Vye 1) =Vye (1) +VvE(r), (1) ca 674160 679615 676758 0.111 0.208 0.196
where = 100.433  99.459 0097 0.181
5 I 461.827 459.577 0103  0.150
V(1) =~ ppt @
1+3Bx sinh1(x) aReferenced 21].

with x=|Vp|/p*®, and 8=0.05. With this correction term tude of the total energies are, however, slightly overesti-
added to the LDA, the effective potential does go-a$/r mated. Significantly, whereas no stable solutions for negative
asymptotically. Since the extra term added to the LDA po-ions are obtained within the LDA, the LB potential gives
tential is like the Becke term, it represents the correction tastable solutions for both Fand CI ions. However, the
only the exchange component of the potential. In fact, ithighest occupied orbital eigenvalue for both the ions is much
scales[20] like the exchange potential. To investigate its smaller in magnitude than the corresponding HF value.
accuracy, it is therefore important that it be assessed at the Next we ask what happens if the LDA correlation poten-
level of exchange only. The total potential is then given as intial is added to the XO LB potential. For this purpose we
Eq. (1) with vi>A(r) replaced by its XO counterpart. Thus employ the Gunnarsson-Lundquif22] correlation func-
the effective exchange potential is tional and then perform our calculations. As already demon-

s strated in Ref[16], this leads to a highly accurate orbital
3p(r)
a

for the high i ital. F I
V(). 3 energy for the highest occupied orbital. For completeness,

and also because we have used a functional different from
that in Ref.[16], we present the results fef,,, in Table II.
Since the potential above has not been derived as a funés expected the values obtained are quite accurate. In fact,
tional derivative, it is not clear what the corresponding en-these eigenvalues are in better agreement with experimental
ergy is. However, the exchange energy can be evaluated bgnization energie$23] than the XO eigenvalues are with
applying the virial theorem based Levy-Perdew sum ruletheir HF counterparts. Thus, whereas the LB correction to
[20] the exchange-potential does not correct the XO eigenvalues
fully, though bringing them close to the HF values, its com-
bination with the local correlation potential does much better

Vx(r): -

Ex[p]=—f drp(r)r-Vvy(r), (4)

TABLE Il. Comparison of the highest occupied eigenvalues of
the inert gas atoms, alkaline earths, and halogen anions obtained in
the fully correlated LDA and LDA-LB, with their experimental

and is given as

Ex[P]:E;DA[P]_J drp(r)r-Vv8(r). (5)  ionization energies.

With this, the prescription for performing DFT calculations Atom LDA Enl'_aBA +LB |on|z(aet)|(c;rt1)2nergy
with the LB potential is complete. Within the XO case, the ’
potential and the energy are given by E¢®. and (5), re- He 0.583 0.866 0.904
spectively. If the fully correlated problem is to be solved, the Ne 0.511 0.796 0.793
LDA correlation functional and the corresponding functional Ar 0.393 0.591 0.579
derivative are added to the respective XO quantities. The
results of these calculations are described below. Be 0.213 0.329 0.343

In Table | we present the exchange-only ground-state en- g 0.182 0.298 0.281
ergies and-— ep,, Obtained from the LB potential and the 5 0.146 0.248 0.225
corresponding functiondkee Eq.(5)] for the noble gas at-
oms He, Ne, and Ar, the alkaline earths Be, Mg, and Ca, and - 0.152 0.125
the halogen anionsFand CI” along with their LDA and HF cr 0.154 0.133

values[21]. As is evident, the LB potential improves upon
the LDA total energies and,, substantially. The magni- 2Referencd23].
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TABLE lll. Polarizabilities and hyperpolarizabilities of inert gas atoms, alkaline-earth atoms, and halogen
anions in the exchange-on()XO) approximation with and without the LB correction to the LDA.

Atom o y

LDA LDA +LB HF LDA LDA +LB HF
He 1.77 1.49 1.32 114.24 54.31 36.2
Ne 3.26 2.78 2.38 268.31 116.55 71.20
Ar 12.76 12.24 10.78 2436 1476 966
Be 47.13 46.19 45.61 8.15x 10° 5.58x 10° 3.88x 10 P
Mg 77.82 65.38 81.59 2.48x< 10° 1.24x10° 1.49x<10° ¢
Ca 162.55 132.46 185.45 10.9x 10° 5.12x 10° 7.97x10° ¢
F 14.71 10.67 3.83x 10" 9x10°®
o 39.05 31.44 1.09x 10°
3Referencd 28].
bReferencd 30].
‘Referencd 31].
dReferencd32].
®Referencd33].

in this respect. As such we expect the asymptotic density8,9] due to the use of a differerfGunnarsson-Lundquist
obtained from the full LB potential to be close to the exactfunctional for the correlation energy.

density of the system, although the same may not pe the case Shown in Table Ill are the polarizabilitiesr§ and hyper-

for the XO density in comparison with the HF density. Note polarizabilities (/) for the systems under consideration
that in Table 1l we have not shown the total energies, SINC§yithin the XO approximation, along with the corresponding
the accuracy of the functional was already demonstrated iyF values[28—33. We have put the noble gas atoms, the
Table |. From the above comparison we anticipate that thgyyaline earths, and the negative ions in separate groups as
fully correlated orbitals obtained from the LB potential iheir response properties behave differently in the approxi-
should give accurate polarizabilities and hyperpoIar|zab|l|t|e:3rm‘tiOns considered. For the noble gas atoms, the LDA orbit-
for these systems. On_the _qt_her hand, when compared W'tgls lead to numbers which are overestimates of their exact
the LDA, the XO polarizabilities would come closer to, al- values. The error is not so large=(L0%) for the linear po-
though still remain larger than their HF counterparts. Thes‘farizabilities as it is for the hyperpolarizabilities=(100%).

results are discussed in detail in Sec. Il This shows the high sensitivity of nonlinear polarizabilities
toward the nature of the orbitals or, equivalently, toward the
structure of the approximate potential. When the LB correc-
As noted above, we expect the LB potentia| to describéion is added to the LDA, the resulting values of both the
the response properties better than the LDA. This has alreadyplarizability and the hyperpolarizability shift toward the ex-
been demonstrated in connection with the linear polarizabilact HF numbers. Moreover, the correction is substantial for
ity of the Be atom, inert gas atoms, and some moleculethe nonlinear polarizabilities. On the other hand, for alkaline-
[12,19. In this section we obtain the linear and nonlinearearth atomgexcept B¢ the LDA polarizabilities are closer
polarizabilities of the atoms and ions considered above witlio the HF numbers than the results obtained with LB correc-
the LB potential, and evaluate its accuracy with respect tdions to the LDA. However, for the nonlinear polarizabilities
these properties also. the trend is opposite: compared to their LDA values, they
We perform our calculations by employinglO] the  move towards the HF with the LB correction to the LDA.
variation-perturbation methof24] within the Kohn-Sham Results for the polarizabilities of the inert gas atoms, along
scheme. The method has been used extendit6lp5 in the  with the fact that the ground-state energies are also improved
past, and the details about the variational form for the orbit{Table ), indicate that the LB correction improves the po-
als, their orthonormalization, etc., are given in the literaturetential all over the space including the asymptotic region.
As such, we do not describe these here and discuss the raithough the energies and the highest occupied orbital ei-
sults directly. We note here, though, that irrespective of thegenvalues for the other atoms are also as close to the exact
potential being employed to obtain the ground-state orbitalsyalues as they are for the inert gas atoms, the response prop-
the second- and fourth-order energy changes are always carties show a different behavior. A possible explanation for
culated[10] with the LDA for the exchange and correlation. this is given later in the paper.
Further, we have chosen the variational form for the induced Next, we include the correlation via the LDA
densities to be a linear combination of the Slater-type orbit{Gunnarsson-Lundquist parametrizati@®]), and study its
als optimized to give the best LDA resuli8,26]. We point  effect on the response properies. The results of these calcu-
out that our LDA results for hyperpolarizabilities of inert gas lations are presented in Table IV. As is evident, the values of
atoms are around 10% less than that from the values of Refnear polarizability of inert gas atoms thus obtained are quite

Ill. RESPONSE PROPERTIES
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TABLE IV. Same as Table Ill, with correlation includéXC).

Atom a y
LDA LDA +LB Ab initio/ LDA LDA +LB Ab initio/

(Expt.) (Expt.)

He 1.63 1.40 1.36%° 82.84 42.84 43.104
(1.39) (35.7, 41.7)

(42.6, 52.8)

Ne 3.00 2.61 2.630.02 184.89 89.87 1194°, 106+5"
(2.67) (70.%, 95.3)

Ar 11.80 11.52 11.260.1° 1631 1104 1226 30°
(11.08° (858", 1084)

(1096, 125%)
Be 42.97 43.28 37.30 4.59x< 10* 3.67x 10 3.15x 10*
Mg 69.78 60.55 71.69 13.2x 10* 7.95x 10" 10.18x 10
(75.0+ 3.5

Ca 145.0 122.5 163.25 5.24x10° 3.15x10° 3.83x 10°!
169+ 17

F 11.93 15.50 1.35x10% 5.8x10™M

Cl” 33.09 36.4 4.61x 10

Referencd 27]. "Referencg29).

PReferencd 28]. 'Referencd 30].

°Reference 34]. 'Reference31].

dReferencd 37]. “Referencd 39].

*Referencd36]. 'Referencd40].

'Referencd35]. nmReference[SS].

9Referencd 38]. Referencg32].

close to theab initio results[27-29, and match well with  smaller than its accurate valy83]. For CI" no ab initio
the experimental resul{84]. Similarly, the values of hyper- hyperpolarizability result exists in the literature. But we ex-
polarizabilities of these atoms show substantial improvemengect that the error in the hyperpolarizabilty for this ion would
over the LDA results when compared with both #tginitio  also be of the same order. The large error in the results for
[27-29 and experimental numbef85-38. Therefore, we hyperpolarizabilies of negative ions is attributed to the fact
conclude that the combination of LB correction with LDA that although these anions have closed-shell structure like
exchange-correlation potential produces highly accurate definert gas atoms, the valence electrons in these ions are very
sities in the outer regions of these atoms. On the other hangbosely bound. Thus the exchange and correlation play an
for alkaline-earth atoms the trend in polarizabilities and hy-important role in binding themi33], and the LDA may not
perpolarizabilities are similar to their XO counterpart. Thus,be adequate in calculating the higher-order energy changes.
compared to the LB-corrected results, their LDA polarizabil-This is similar to the case of the alkaline-earth atoms dis-
ities are closer to the experimen{&9,40 values, whereas cussed above. Therefore, to obtain accurate response proper-
the hyperpolarizabilities show the opposite trend. From thesgéies of such systems, one needs to go beyond the LDA in
results we infer that for loosely bound atoms the use of th&olving the higher-order equations too.
LDA in the calculation of second- and fourth-order energy  Finally, we note that recently hyperpolarizabilities of
changes is not as accurate as it is for the inert gas atoms. kbme small molecules have also been calculftdd with
this connection we mention that we have employed the LDAthe unperturbed orbitals obtained from the LB potential.
for calculating energy changes, since it is the simplest fornThese calculations also lead to nonlinear polarizabilities bet-
of the exchange-correlation energy for which the functionaler than those calculated with the LDA orbitals.
derivatives to any order are easily calculated. We are not
aware of any other functionals for which higher-order func-
tional derivatives are nonsingular and can be calculated as
easily as for the LDA. In this paper we have considered the VLB correction to
In Tables Il and IV we also present results for Bnd  the LDA, and demonstrated that the potential gives accurate
CI™. The polarizabilities of these ions are estimated reasonground-state densities. This is reflected by the ground-state
ably accurately both in XO and XC cases. For example, irenergies calculated by evaluating the exchange-energy via
the XC case the value of polarizability of Fand CI" are  the virial-theorem sum rule. Moreover this potential also de-
lower by 23% and 9%, respectively, from theib initio  termines accurately the value of the highest occupied orbital
results[32]. In contrast, the hyperpolarizability of Fis 76%  eigenvalue, which is the negative of the ionization energy. In

IV. DISCUSSION AND CONCLUSION
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the calculation of response properties we find that LB corthese systems by using the variation-perturbation method
rection to the LDA leads to significant improvement in the[42,43 of the time-dependent DF[®4,45. Further, we ex-
values of linear and nonlinear polarizabilities of inert gaspect this to lead to reasonably accurate estimates of the ex-
atoms. The polarizabilities of the alkaline-earth atoms andited states via the time-dependent DFT rout&,47).

the hyperpolarizabilities of the halogen anions &nd CI’
are not obtained satisfactorily with LB correction to the
LDA. This is attributed to the use of the LDA for the
exchange-correlation energy in calculating the higher-order We thank Professor P.K. Mukherjee and Dr. A.K. Das for
energy changes. Motivated by the results obtained for théuitful discussions. A.B. also wishes to thank Professor
inert gas atoms, we are now employing the LB potential toMukherjee and Dr. Das for their hospitality during his stay at
determine the frequency-dependent response properties BCS, Calcutta where part of this work was done.
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