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We have investigated the importance of nonlinear core correcfdb€C) for accurate density-functional
based pseudopotentidPSP calculations. The quality of the PSP approach is assessed by comparing it to
accurate all-electron calculations. It is found that a correct description of spin-polarized states requires the
NLCC, even for first-row atoms. This is essential for simulations on magnetic systems and reaction processes
that involve radicals. The NLCC is also essential for a realistic description of elements with more long-range
core states such as alkali atoms. We propose a functional form for the partial NLCC, which is feasible in
plane-wave calculations and suggest a scheme for choosing the default cutoff[80i&3-182609)02043-3

I. INTRODUCTION the PSP must be transferable in order to describe these states
accurately. Similar problems arise when atoms are placed in
Modern implementations of electronic structure method-a molecular environment and donate or accept electrons.
ologies can be divided into two groups. On one side, there If the density-functional formalism is used in the usual
are all-electron{AE) approaches that consider both core andkohn-Sham approach;®* the total energy expression con-
valence electrons explicitly in the calculation. Since coretains the termEy [ p;(r),p,(r)], a nonlinear functional that
electrons are strongly localized, these methods need to emccounts for the exchange-correlation energy of the electrons
ploy localized bqsis functions _sugh as .augmented 2plan;?l the system. The,(r) andp(r) are the spin-up and spin-
waves (APW)," linearized muffin-tin orbitals(LMTO),”  gown densities, which may be written as a sum of core and
Slater-type orbital{STO's), or Gaussian orbitafs:® Alter- | Jjance contributions. However, in simple pseudopotential

natively, one can construct pseudopotenti®SP's which 1 iha4s, (1) is replaced by the density associated with the

effectively project out the core states from the problem Wh"epseudovalence orbitah%f'(r) only. This approximation cor-

retaining the physical properties of the valence region. Ex- . Tv . L
tensive discussions and reviews of this approach have aﬁgsponds J.[o a linearization o_f HEXC funct|onal,_wh|ch IS
if the valence density in the core region does not

peared in Refs. 7—11. Many pseudopotential application@!y valid / ) : >
employ a plane-wave basis %t but a variety of local- change much when the atomic electronic configuration is

orbital based implementations exist as wéi?2 Recently, altered. For this reason, Loui al2® introduced a scheme
there has also been a lot of work aimed at mesh-baseidpat takes the nonlinear nature of th&. functional into
approache&~2?% Nevertheless, many PSP applications usedccount by explicitly adding a core charge density, i.e., re-
plane waves. The size of the basis needed for a calculation glacing p22'(r) by p¥'(r) +0.5p%(r). This correction to the

this type depends strongly on the shapardnessof the  standard PSP approach is commonly known as the nonlinear
atomic pseudopotentials. Several approaches have been pawre correctionfNLCC). It only needs to be applied to the
posed to construct soft pseudopotentials, which minimize thexchange-correlation part of the total energy functional since
numerical costs while retaining the accuracy of thethe linearization is valid for all other terni€oulomb poten-
approactt®~32 tial etc).

Although the aspect of PSP softness is vital for practical Turning towards the discussion of an appropriate choice
applications based on plane-wave basis sets, the more impdor p°, it can be expected that the most reliable description
tant problem is pseudopotential transferability, i.e., the abilwill be obtained if the PSP and AE exchange-correlation
ity of the PSP to reproduce all-electron results for electronigotentials are identical for all those regions of space where
configurations that differ from the one used for its construc-PSP and AE valence densities are the same or similar. This
tion. By definition, all PSP’s that are created from first prin- way, possible sources of error will be limited to the core
ciples reproduce the all-electron eigenvalues of the electroniregion close to the nucleus where the all-electron and
reference state used in the PSP construction. This is usualfseudovalence densities may differ substantially due to the
the spin-averaged ground state of the corresponding atorpseudization of the valence orbitalhile the all-electron
However, most atoms have spin-polarized ground states andilence states have nodes, the corresponding pseudovalence
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states are nodelgsd-or larger distances, however, AE and TABLE I. Cutoff radii (ag) used for the pseudopotential con-

PSP valence densities are identical. Consequently, one hasgisuction. Mrf corresponds to a conservative Mn pseudopotential,
require thatp® is equivalent to the true AE core charge den-which includes the 8 and 3 semicore states in the valence basis.
sity outside a well-chosen cutoff radius,,.. One possible -
choice is to setr.y,=0 (full NLCC). However, this ap- Li B C N O F S Se Mn Mf

proach is not feasible for plane-wave-based applications 555 140 114 096 083 073 153 1.67 2.53 0.81
since the full core density is strongly localized. For thisrea-) 558 140 114 096 083 073 1.70 1.75 2.75 081

son, the true core density is usually replaced by an arbitrarx 258 140 114 096 083 073 1.70 2.40 081 081
but smooth function for <r ... The questions that remain ' ' ' '
to be answered arda) How important is the NLCC for

different atomic speciegb) are core relaxation effects sig- original TM method only matched up to the fourth deriva-
nificant, and(c) what is the best choice for.o,c? tive. In order to fulfill the additional conditions, the T™M
Although the NLCC has been used extensively in a variyyave-function ansatz was extended to include two more
ety of different applications, the above questions have rarelyolynomial terms. This modified approach leads to PSP’s
been addressed directly. There is some work stressing that are more easily integrable since the discontinuity at
increased importance of the NLCC for gradient-corrected— appears only in the fifth derivative of the P8Rt in
density functionaf®—*%and a very recent publication dealing the third derivative as is the case for the original TM
with PSP transferability for transition metal atoffidn that schemg The cutoff radii for the PSP construction have been
paper, the authqrs found that the stan_dard pseudopotentighosen conservativelysee Table ). Note that since our
approach was incapable of reproducing all-elect®d  modified TM method matches two additional derivatives at
transfer energies in transition metals even if nonlinear corg—y _ the corresponding pseudo-wave functions are closer
corrections were applied. They introduced spin-dependent, their all-electron counterparts than with the original TM
PSP’s to obtain a better transferability. We will discuss thesgcheme(provided the same cutoff radius is useBSP con-
results in our paper and show that an accurate description @fryction and calculations were performed with the same
transition metals is possible without adding the additionakynctionals to ensure consistency.
complication of a spin-dependent pseudopotential. However, The original ansatz of Louiet al3® for the functional
our paper includes not only transition metals but also a variform of the NLCC core charge density has a discontinuity in
ety of other atomic species since our main goal is a systeMne second derivative at=r.,,.. In a PBE-GGA calcula-
atic study aimed at determining the quantitative and possiblyion, this would lead to a discontinuity in the pseudopotential
qualitative differences between PSP's with and without thtself, which is clearly undesirable. For this reason, we use a

NLCC. In Sec. Ill, we report results for atoms found in the fnctional ansatz fop® which is equivalent to the TM ansatz
first row and sixth column of the Periodic Table. Trends for,, a stype pseudo-wave function

alkali- and transition-metal atoms will be discussed as well.

We will show that the discrepancies between all-electron and 7 .
pseudopotential methods can be easily understood and cor- . exp >, ¢ rZ'} I<fcore
rected. po(r)= i=0 1)
P(f:ull I=rcore
Il. METHOD and determine the; from the condition that function value

) i TOm e 10 !
All results have been obtained using the density-2Nd UP 10 Sixth derivative Gi*(r) atr=r,e are continuous

functional formalis®3* and the Perdew-Burke-Ernzerhof @nd that the integral:

(PBE) exchange-correlation function®). Both the 5 2
generalized-gradient approadlcGA-PBE) and the local f dr( d P°> —min
spin-density approximatiofLSDA) contained in the PBE dr2
functional have been used. For the pseudopotential construc-

tion and atomic calculations, a highly accurate numericais minimized. We would like to note that TNRef. 32 pro-
code was employed. The PSP eigenvalues for the referengmsed the functional fornil) for the pseudo-wave function
states usually deviate from their all-electron counterparts byn their method because it is very well representable in a
1 meV or less. For all elements, the spin-averaged grounglane-wave basis. Since we use the same ansaz®four
state of the spherically symmetric atom has been used as tla@proach will be numerically efficient in plane-wave appli-
reference state for the PSP construction. While it is possibleations as well. Additionally, the conditio(2) leads to a

to chose reference states that are closer to electronic configemooth behavior 0p¢. Of course, the actual convergence of
rations found in solids or molecules, the main objective ofthe results as a function of plane-wave cutoff energy depends
this paper is to test PSP transferability. For a transferablen the choice for ..., which will be discussed below.

PSP, the exact choice of the reference state should be of After generating the PSP’s we performed calculations on
minor importance. atoms and molecules using the Gaussian-orbital based
Our results are based on pseudopotentials constructetknsity-functional code NRLMOL developed by Pederson,

with a modified Troullier-MartingTM) scheme? The dif-  Porezag, and Jacks6fi? This method is based on an accu-
ference between the new and the original TM approach isate numerical integration scheme. Besides the expansion of
that the pseudo-wave functions match function value andhe wave functions into Gaussian orbitals, no additional ap-
first to sixth derivative at the cutoff radiug,; whereas the proximations are used. The program allows for mixed all-
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electron and pseudopotential descriptions within the same 0.7 T T T T
calculation, i.e., some atoms may be treated within an all-
electron scheme while others may be described with PSP’s
This feature can be used to isolate the effect of pseudopoter

@—® Pseudovalence
@ — @ All-electron valence

06 [ .
tials for single atoms in a larger structure. We have em- = 8-gg 3
ployed very large basis sets and checked that all results ar’g o :°°'°; 075 ZB
converged with respect to basis set size. = 1102
173 core’ aB
o 05
Ill. RESULTS AND DISCUSSION g
T
While the transferability of a pseudopotential should al- % 04

ways be checked for the particular system or problem that is.g
investigated, there are systematic tests that can be performe g
for each individual atom before focusing on the more com- 3
plicated condensed matter applications. For many applica & 0.3
tions, spin-polarized electronic states are important. We give §
results for atomic spin polarization energies in Secs. IllA g
and Il B. The problem of-d transfer energies in transition
metals will also be addressed. Finally, we use the example o
LiF to discuss possible sources of error, which only arise g
when atoms are placed in a molecular or solid environment i
For all atomic species investigated here we have per- 0.1
formed all-electron calculations and pseudopotential calcula-
tions without the NLCC, with a partial NLCC using different
core radiir e, and with the full NLCC. Not surprisingly ] . -
we find that the order of magnitude of the deviations be- ~0.0 0.2 0.4 0.6 0.8 1.0
tween the AE and PSP approaches depends strongly on tF Radius [ag]
atomic species. Data that show the convergence of the results . ,
as a function of .,,c can only be given for a few selected FIG. 1 Oxygen valence and core dens!tles for different NLCC
examples since journal space is limited. However, our calcucore radii. Results have been obtained with the GGA-PBE func-
; . S . tional.
lations have revealed two important pointd) Reducing
I.ore always improves the agreement between the AE and

: o larization energies for Li and B though F as calculated
PSP methodgand thus increases PSP transferabilignd poia
(2) for small values of .., the results are converged, i.e., within both LSDA and GGA-PBE. Results are shown for

independent of ... In Sec. Il D we will suggest a simple calculations including the full NLCC and no NLCC. Errors

way for choosing the largest possiblg,, ., which leads to are measured with respect to the corresponding all-electron

converged results. However, more importantly, our findingsvalues' The deviations are largest for N, which has a fully

show that applying the full NLCC is the most accurate ap-pﬁi?ngg z)vs\t]v(iatuiﬁng g AtogngS PhI‘EnOf 3N|(_)ég\|/ W'th'ﬂ Ias?rf\
proach and therefore it is frequently used here. a e € ) : 0 S applied, the

SPE errors amount to about 10% of the total SPE. Interest-
ingly, the errors are larger for nonspherical atdmvkich are
usually lower in energy than the spherical ones, especially
within GGA-PBE. This is due to the fact that the valence
First-row atoms are characterized by a single dore  densities in nonspherical atoms are more localized than in
shell. For B through Ne, this core shell is strongly localized.spherical ones. The total SPE error can be as large as 0.3 eV
Therefore, it is usually assumed that these elements can lffor N and O within GGA-PBE Errors of this magnitude
treated without the NLCC. However, Fig. 1 shows that duewill lead to discrepancies of approximately 0.6 eV if binding
to the localized nature of the valence states there is still @nergies for homonuclear dimers are calculated. For ex-
significant overlap between valence and core charge densimple, the AE GGA-PBE dissociation energy foy 8 6.2
ties. Therefore, it is not entirely clear if nonlinear core-eV whereas it is determined to be 5.7 eV in the PSP ap-
valence interactions may be completely ignored. One parproach without the NLCC. At this point, it should be noted
ticularly interesting question is if the energy differencethat the experimental binding energy of @ only 5.2 eV.
between the spin-averaged reference state used in thi#owever, the discrepancy between the AE and experimental
pseudopotential construction and tftgpically spin polar- results has to be attributed to deficiencies in modern density
ized) atomic ground state is accurately described. In the folfunctionals and the pseudopotential calculation should repro-
lowing, this energy difference will be called spin- duce the AE results since it is based on the same theory.
polarization energySPB. Spin-polarized states may occur  Including the NLCC greatly improves the performance of
in simulations of reaction processes between molecules, radihe PSP approach, leading to a maximum deviation of only
cals, and surfaces and it is important that they are describe@02 eV (for the SPE of N. Hence, it can be concluded that
accurately. The spin-polarized atomic ground state is also thEPE’s of first-row atoms are very well described if a full
reference state for calculations of binding energies. NLCC is applied. The question which remains to be an-
Figure 2 shows the errors in the PSP based spinswered is how the SPE error depends on the choice of the

p

ighted val
o
n

A. Spin-polarization energies for atoms
in the first row and oxygen column
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T T T TABLE Ill. Atomic spin-polarization energie@V) for S and Se
00} ‘ _________ S S o 4 as calculated with all-electron and PSP methods. The core radii of
‘:::::::'-A\ ST A 0.92a; (S) and 1.2%g (Se lead to converged result$ .=
. o~ N J corresponds to a neglect of the NLCC.
3z 01 f NN P .
5 Y 4 LSDA GGA-PBE
o L\ v Sulphur
$ 02 N 1 AE 092 AE 092
< W it
= s | &= Sphercal, no NLGO ‘\‘ e | SPE  -0.75 -0.76 -0.83 -0.99 -0.98 -1.05
@ --® Non-spherical, no NLCC
& --@ Non-spherical, full NLCC Selenium
: : : AE 1.25 o AE 1.25 o
00F  @-cmmmmee- DA TR SURPORS S, SPE  -063 -063 -072 -082 -081 -0091
s ez ‘\\ ,/'
g 01 “\Q\ Y ‘/ ] dependent energy contribution in a density-functional calcu-
f.‘:’ N \x /I lation is the exchange-correlation energy, which is domi-
& oz b N\ N / » | nated by the local exchange term
é b\\\\\ I/I ,’, 3/6 1/3
AR 7 1’ =
é 03 | & Spherical, no NLCC \‘:\\\ :’l _./ i Ex=— A\ 7 f dr[pT(r)4/3+pl(r)4/3]‘ 3)
@ --® Non-spherical, no NLCC (Y SPtd
#-- @ Non-spherical, full NLCC Further, assuming that the same angular and radial states are
. . X occupied for spin-averaged and spin-polarized atoms, the to-
2 4 6 8 10 tal electron densitiep(r)=p;(r)+p (r) in both systems
Nuclear charge

will be very similar. Therefore, the energy difference be-
FIG. 2. Errors in the atomic spin-polarization energies with re-tween the spin-polarized and spin-averaged configuration

spect to all-electron values as calculated with the full NLCC andMay be approximated as
without NLCC. Results are given for both spherical and nonspheri-

3 /3 3
cal atoms. GGA-PBE predicts nonspherical atomic ground stateE ~_§ E ! fdr p(r)+A(r) 4 n p(r)—A(r) 4
densities except for Li and N. SPE" " 4 2 2
4/3
r
o _ _ _ —2[& ] 4)
core radius if only a partial NLCC is applied. Table Il shows 2

results for a GGA-PBE calculation on oxygéihe behavior hare (1) is the difference of the up- and down-spin den-

IS very S|ml|lar for the ot_her fwst-rpw atom; as weflhe sities. Using a Taylor expansion, E@) can be transformed

corresponding core densities are displayed in Fig. 1. For COMRito

radii of about 0.4z or smaller, the spin-polarization energies

determined with a partial NLCC do not differ from the full 33|13 A(r)?

NLCC results. Turning towards heavier atoms, Table Ill pre- Espp~— _(_) f drz to — 7

sents the calculated data for the sulphur and selenium atoms, 4\ =1 T p(r)Am s

which have the same number of valence electrons as oxygen

but a more diffuse charge distribution. The errors for S and 2 5 44

Se are smaller than for O. Again, including the NLCC leads t21_§’ 243' 6561 "

to an excellent agreement with the all-electron results. . _
As has been demonstrated in the preceding paragraphyote that since the core states are always completely filled,

neglecting the nonlinear behavior of the core-valence interthey do not contribute ta (r) but they do contribute tp(r).

actions leads to an overestimation of the total energy magni#ence, neglecting the core density in a pseudopotential cal-

tude of the spin-polarized states. This behavior may be easii§tlation leads to a reduction of the denominator in .

understood if one considers that the only explicitly spin-and consequently to a systematic overestimation of the mag-
nitude ofEgpe.

>0. (5)

TABLE II. Atomic GGA-PBE spin-polarization energidgV)
for oxygen as calculated with all-electron and PSP methods using B. Transition-metal atoms
the NLCC and different core radii.,, (first line, given inag).

Transition-metal atoms, especially those of thliesries,
Ieore=2 corresponds to a neglect of the NLCC.

have strongly localized electrons. Further, it is known that
reliable PSP’s for transition metals need to incorporate non-
linear core corrections. For these reasons, it can be expected
SPE -186 —188 —-188 —-195 —-207 —2.16 that the problems discussed in the preceding section will be
Err. ~002 -002 -009 -021 -030 even more severe for these systems. This is particularly true
for Mn since it has a fully polarized d shell. Therefore, we

AE 0.00 0.36 0.75 1.10 e
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TABLE IV. Atomic LSDA spin-polarization energieeV) for TABLE V. Atomic s-d transfer energiegeV] for Mn as with

Mn as calculated with all-electron and PSP methods using differenall-electron and PSP methods using different core nadjie (first
line, given inag). r¢ore=02° corresponds to a neglect of the NLCC.

core radiir .o, (first line, given inag). r.oe= corresponds to a
The Ar core line refers to a calculation where thep3lectrons are

neglect of the NLCC.
treated as core electrons.
AE 0.00 0.43 0.65 0.80 2.50 o0
AE 0.00 043 065 080 250 =
—-528 —-531 —-531 —-540 -557 —-7.58 -—-12.37
Ar core 1.04 120 120 124 133 226 4.22
1.06 1.35

Ne core 1.04 1.06

will focus our discussion on this element. Table IV shows

results for the LSDA spin-polarization energies as calculated i )

within the all-electron and PSP approaches using different@nsfer energies are found at 1.04 and 1.20 eV, respectively.
Note that the error increases significantlyr if, e is chosen

core radii for the NLCC. The corresponding valence and cor
densities are displayed in Fig. 3. It is apparent that the PSEP0 large. For example, the calculated RSR.CC s-d

method without the NLCC gives completely unreasonabldransfer energy determined witho,.=2.508g is 2.26 eV,
results. Further, the core radius must be chosen fairly smafimilar to the re?gult published in Ref. 39. _
(0.43%;) in order to achieve converged results. However, if  1raditionally™ rqe has always been set approximately
the NLCC is applied correctly, it leads to a very good agree-tp where the core and pseudovalence densities are qual. _For
ment with the all-electron calculation. first-row and second-row atoms such as C, N, Al, or Si, this

In Ref. 39, the authors found thatd transfer energies choice I_ef';\ds to converged results. For Mn, on the o.ther hand,
(i.e., the total energy differences between the atogii" the traditional rule leads to g, Of about 1.4z, which is
and s'd"*! electronic configurationsare described very much larger than the value needed for a converged result.
poorly with PSP’s even if the NLCC is applied. In particular, 1 N€ authors of Ref. 39 may have used the old and estab-
they determined the all-electron and the RSR.CC s-d  lished prescription to determing, e, which could explain
transfer energies for Mn to be about 1 and 2 eV, respectivelyin€ discrepancies between their and our data. The reason for
We have calculated the same quantity and give the results iﬁlpe failure of the trgd|t|onal approach ird3ransition metals
Table V. The all-electron and converged PS®LCC s-d is the strong spatial overlap ofd3valence and 8p core

states in the atom.

Although the NLCC leads to a much improved descrip-
tion of thes-d electron transfer, there is still a difference of
_ 0.16 eV between PSP and all-electron results, which needs
@—@ Pseudovalence density further discussion. Besides deviations arising from the nec-
. :wezgfg | essary pseudization of the valence orbitals, the neglect of
—r = 0.65 core relaxation needs to be addressed. The calculations pre-
*—or,.-080 sented so far were based on PSP’s that assignedsttamd®
=== le=2.50 3p states to the core. However, as can be seen from Fig. 3,

the spatial range of these states is very similar to that of the

3d electrons. Transferring an electron from the rather diffuse
4s state to the localizedBstate will increase the Coulomb
repulsion in this area and hence lead to a relaxation of the 3
and J states. Assigning these states to the core makes such
a relaxation impossible. For this reason, we have constructed
a conservativepseudopotential for Mn, which includes the
3s and 3 states in the valence basis. As can be seen from
Table V, the conservative approach leads to results which are
in excellent agreement with the all-electron data. Therefore,
it can be concluded that the PSP approach describes
transition-metal atoms with a similar accuracy as other atom
types if both nonlinear core-valence interactions and semi-
core relaxation effects are included in the method.

3.0 - T - T T T

20 R

R® weighted valence and pseudocore densities [1/a;]

C. Lithium fluoride

= s o= 5 _ Whi_le spin polarization or a change of_ the electronic con-
' Radius [a,] ' ' figuration is one way to aI_ter the atomic _electron qlensny,
& another way is the embedding of the atom into a solid, clus-

FIG. 3. Manganese valence and core densities for different€l, OF molecule. It can be expected that the effects will be

NLCC core radii. Results have been derived within LSDA. Thelargest for atoms with a very diffuse low-density electronic
charge distribution if they are combined with atoms charac-

all-electron valence densiiynot displayed hepeis almost identical
to the pseudo valence density because the nodetbssaBe domi-  terized by compact localized states. Prominent examples for
nates for smaller distances. such systems are alkali-halogenide compounds such as LiF.

0.0
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Figure 5 illustrates the reason for the failure of the stan-
dard(non-NLCQ PSP approach for LiF. It displays the con-

45 . f‘"'f'f_‘:;?g l tribution of Li and F densities to the total molecular density
—— F=3.00 az for an internuclear distance of 289, which is about 20%
o—er_-400a, shorter than the all-electron equilibrium distance but very

=—=ano NLCC close to the equilibrium distance if calculated in a PSP ap-

proach without the NLCC. Li has a rather diffuses tore
state, which dominates the total atomic density for
=<1.6ag. However, this is the spatial range of the bonding
region in LiF and hence there is a strong overlap of the F
valence and Li core charges. Note that there is a region
where the Li pseudovalence density is almost two orders of
magnitude smaller than both Li core and LiF pseudovalence
densities. Clearly, a linearization of the core-valence interac-
tions cannot be a good approximation in this case. For this
reason, applying the NLCC is an absolute necessity for Li
and other alkali atoms.

Binding energy [eV]

D. The choice of the NLCC core radius and its effect
on the exchange-correlation potential

2.0 3.0 4.0
Internuclear distance [a;]
Based on the calculations presented in the preceding sec-
FIG. 4. LSDA cohesive energy as a function of internucleartions and the large amount of data that could not be included
distance for the LiF molecule. The PSRLCC results forrcore  here we have drawn the following conclusions. First, when
=1.628; are identical to the full NLCC. addressing the issue of PSP transferability, it should be suf-
ficient to consider only the region of space where the PSP
and AE valence densities are similar. Second, since the va-
In order to demonstrate the problems that occur for this comlence densities are a superposition of the corresponding va-
bination of elements, we will focus on the LiF diatomic mol- lence orbital densities, we can focus our discussion on these
ecule. Figure 4 shows the cohesive energy of this moleculerbitals. Third, for each relevant valence state there is a re-
as a function of interatomic distance as calculated withingion (termedA) where AE and PSP orbitals are identi¢alr
LSDA. The PSP calculation without the NLCC overesti- radii larger than the wave-function cutoff radiug,;) and a
mates the binding energy by about 1 eV and underestimateggion (termed C) where AE and PSP orbitals are com-
the bondlength by more than @5. Applying a full NLCC  pletely unrelatedinside of the outermost nodsg,4. of the
corrects this deficiency and leads to a good agreement witAE statg or where the corresponding valence charge is neg-
the all-electron result. The partial and full NLCC results ligible (for small radi). Betweenr ,o4e and r,; there is a
agree forr.e<1.62a5. The remaining difference between transition regiontermedB). One expects that the best pos-
the PSR-NLCC and AE data can be attributed to pseudiza-sible transferability can be obtained if the PSP exchange-
tion effects and the neglect of thes tore relaxation. Note correlation potential is identical or similar to the AE
that in order to rule out additional sources of error, the Fexchange-correlation potential in regioAsand B. This as-
atom has also been treated in an all-electron fashion here.sumption is confirmed by our calculations, which have

102 —— LiF pseudovalence density

---- Li free atom pseudovalence density
——- F free atom pseudovalence density
—-— Lipseudocore density (r.,, = 1.62 a,)

s
E FIG. 5. LSDA electron densities in LiF com-
] pared to the free-atom densities for an internu-
[

o

clear distance of 2.2( .

-2.0 0.0 2.0 4.0
Molecular coordinate [a,]
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shown that in order to obtain converged results one has to IV. SUMMARY AND CONCLUSIONS
construct the partial NLCC core charge dengifyso that it
is identical to the full core charge densijif in regionA and
a reasonable approximation of the latter in reg@nOne
might guess that this condition can be fulfilled by setting
Ieore=Trcut DUt this choice will often lead to unconverged
results becauspf may change very rapidly in regidd (see
for example the Mn calculation with,,,.=0.80ag). A more

We have investigated the importance of nonlinear core
corrections for the transferability of norm-conserving
Troullier-Martins pseudopotentials. Since other PSP’s are
constructed with similar techniques our results should also
hold for other norm-conserving PSP’s. It is found that the
PSP approach without the NLCC is likely to be inaccurate if

conservative choice far,,,., which we have found to work the eIec‘Fror_l _density in the core re_gion of a parti_cular atom
very well for all systems investigated here, is to definediffers significantly from the density corresponding to the
Fcore= (T outt I'noad /2. This simple relation should be evalu- reference state used in the p_seudopotenn_al cqnstructmn. We
ated for each relevant valence stasep( . ..) andthen the have.demonstrate.d that altering the atomic spin state or em-
smallest of all values should be used. For example, in th&edding the atom into a heteronuclear compound may lead to
case of Mn we have ths, p, andd cutoff radii at 2.58,  Such important changes. The application of the NLCC re-
2.7%5, and 0.8hz, and the corresponding AE wave- duces the deviation of the PSP results from the all-electron
function nodes at 1.G%, 1.165, and 0.0@ (the 3d func-  data to a much smaller amount. Remaining errors can be
tion is nodeless The arithmetic averages {,;+rnoqe/2 of  €Xplained by valence pseudization and core relaxation ef-
cutoff and node radii fos, p, andd are 1.8@5, 1.96a5, and  fects. The latter may be taken into account by including core
0.40az and hence .= 0.4085. or semicore states into the valence basis. Since it is hard to
We would like to remark that the above approach is rathepredict how big the effect of the NLCC will be for a particu-
conservative in the sense that it is aimed at achieving conlar system and since the NLCC adds a rather small overhead
verged results even in the worst possible cases and not #i the calculation, we suggestabwaysapply this correction.
finding a compromise between accuracy and numerical effiThe simple approach for the choice of,,., which was
ciency in plane-wave calculations. Large,. (and even no  given in the preceding section should facilitate future PSP
NLCC at al) are suitable for many applications but this +NLCC applications.
should always be checked for every single system indepen-
dently. Finally, by choosing.,,. conservatively it is ensured
that PSP and AE exchange-correlation potentials agree in all
those regions of space where PSP and AE valence density
are identical or similar. This seems to be the key for a good We thank Dr. D. Bird for providing and discussing his
transferability. The fact that a further reductionf, . to-  pseudopotential results. D.V.P. gratefully acknowledges sup-
wardsr .oe=0 (which will ultimately lead to a full NLCG@  port from the Alexander von Humboldt Foundation of Ger-
has no effect on the calculated results also indicates that theany. This work was supported in part by the ONR Molecu-
region close to the core is unimportant for the problems distar Design Institute N0001498WX20709 and by National
cussed above. Science Foundation Grant No. DMR9627778.
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