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Pseudopotential study of binding properties of solids within generalized gradient approximations:
The role of core-valence exchange correlation
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In ab initio pseudopotential calculations within density-functional theory, the nonlinear exchange-correlation
interaction between valence and core electrons is often treated linearly through the pseudopotential. We discuss
the accuracy and limitations of this approximation regarding a comparison of the local-density approximation
(LDA) and generalized gradient approximatid@GA’s), which we find to describe core-valence exchange-
correlation markedly differen{1) Evaluating the binding properties of a number of typical solids, we dem-
onstrate that the pseudopotential approach and the linearization of core-valence exchange correlation are both
accurate and limited in the same way in the GGA as in the L@AExamining the practice to carry out GGA
calculations using pseudopotentials derived within the LDA, we show that the ensuing results differ signifi-
cantly from those obtained using pseudopotentials derived within the GGA. As principal source of these
differences we identify the distinct behavior of core-valence exchange correlation in the LDA and GGA which,
accordingly, contributes substantially to the GGA-induced changes of calculated binding properties.
[S0163-1828)07204-X

I. INTRODUCTION XC interaction of core and valence electrons in these XC
density-functionals be accounted for by the pseudopotentials.
Generalized gradient approximatiof&GA’s) to the  Computationally it is expedient to treat core-valence XC as a
exchange-correlatiofXC) energy~> in density-functional  part of the pseudopotential, and thus as if it acted linearly on
theony’” are currently receiving growing interest as a simplethe (pseudo valence-electron density. Within the LDA the
alternative to improve over the local-density approximationtransferability of the pseudopotentials remains, in most
(LDA) (Refs. 8 and Din ab initio total-energy calculations. Cases, intact under this approximation, i.e., a good agreement
In various respects, the GGA proved to be more appropriat@f the results of pseudopotential and all-electron calculations

than the LDA: (1) Binding energies of moleculs!* and ~ MaY be expected withogt hal_"ndling .these nonlinearities ex-
1pI|C|tIy. The extent to which this carries over to GGA'’s, and

thus enables a menaningful comparison with the LDA, is
unclear at present. Experience with GGA's still needs to be
built up, and previous studies have advanced conflicting
iews on this subject: Examining structural parameters of

the LDA to overbinding(2) Activation energy barriers, e.g.,
for the dissociative adsorption of Hbn metal and semicon-
ductor surface$®~1"are in distinctly better accordance with

experiment. Reaction and activation energies fog a variety oXrystalline solids, Juan and co-work&?® concluded that
chemical reactions show a similar improvem&ht?(3) The  honlinear core corrections for XC were required in pseudo-
relative stgbl!lty of structural phases seems to be pred'CteBotential calculations within the GGA by Perdew and Wang
more realistically for magnefit as well as for non- (pw) even in cases where they are negligible in the LDA,
magneti¢’~>* materials. Bulk structural properties are often jjke hulk Si. On the other hand. Mot al23 and Dal Corso
not improved within the GGA. While the lattice parameterset 5128 found that LDA and PW GGA'’s behaved alike in this
consistently increase compared to the LDA, a closer agregespect.
ment with experimental data is reported for alkali metats, 3 ~ Second, we discuss the role of differences seen in the
metals, and somed4metals>?>~?"However, an overestima- pseudopotentials constructed within the LDA and within the
tion of up to several percent is found fod5metals and GGA. Here we address, on the one hand, how far such dif-
common semiconductors, their bulk moduli accordinglyferences are small enough to warrant the circumventing of a
turning out to be too smallypically by <25%) 2830 full self-consistent GGA calculatiofusing GGA pseudopo-
Regarding the understanding of the GGA and further adtentialg by a computationally simplepostLDA treatment
vances beyond it, it is important to gain insight into XC- where the electronic total energy is first minimized within
related “mechanisms” underlying an eventually improvedthe LDA (using LDA pseudopotentiglsand then corrected
performance, e.g., along the lines pursued in Refs. 5,12,3herturbatively for the GGA XC energy. On the other hand,
and 32. Complementary, careful estimates are needed as ttee behavior of the pseudopotentials eventually reflects a dif-
what degree computational approximations evaluating the toferent description of the core-valence interactions in the
tal energy interfere with a comparison of different XC func- LDA and GGA. This allows us to conceive GGA-related
tionals. With this in mind we examine two interrelated issueseffects separately in terms of XC among the valence elec-
that have been of persistent concern in comparisons of thigons themselves, and XC of the valence with the core elec-
LDA and GGA based on pseudopotential calculatiths. trons. Results in several works indeed hint that the LDA and
First, how far can the nonlinearities associated with theGGA might differ in this respect: Garciat all* evaluated
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cohesive properties of some metals and semiconductors on The remainder of this paper is organized as follows: In
the basis of the Becke/PerdéaP) GGA (Refs. 3 and #land  Sec. Il we briefly review and discuss the relevant formal
a precursor to the PW GGA. Dependent on whether the@spects of pseudopotential calculations. Technical character-
pseudopotentials screened within the GGA were derivedstics of our calculations are outlined in Sec. lll. In Sec. IV
from a LDA or GGA calculation of the free atom, they ob- we report our results, and put them in perspective with our
tained, in some instances, differing values of the lattice paeonsiderations from Sec. Il. Section V summarizes our con-
rametersand cohesive energies. Examining the dissociationclusions. Atomic units are used throughout unless indicated
of silanes using LDA-based pseudopotentials Nachtigalbtherwise.

et al*® observed noticeably overestimated activation and re-

action energies compared to the respective all-electron ap- Il. GENERAL CONSIDERATIONS

proach for various GGA's, but close agreement for the LDA.

Despite the apparent incongruencies, GGA calculations are In pseudopotential C‘F?UCUIat'OnS the total energy is fo.f'
still being based on LDA pseudopotentiéTs?.S mally treated as a functional of the valence charge density

To address these issues, we investigate the differenc one, with the pseudopotentials accounting for the interac-

between the LDA and GGA systematically at each step o ion of the valence electrons with the nuclei and with the
the pseudopotential approach, the construction of th ore electrons—namely, for Pauli repulsion, electrostatic and

pseudopotentials from atomic calculations, and their use i C. '”525%0“0“5.—‘9 within the frozen core approxi-
polyatomic systems. In turn we evaluate the cohesive pro mation.™ ™ Substituting the GGA for the LDA modifies the

erties of a set of typical metallic, semiconducting, and insy reatment not only of the XC interactions of the valence elec-

lating crystals(Na, Mg, Al, Cu, W, diamond, Si, Ge, GaAs trons among themselves but also that of t'he core—yalence
and NaC), where,we éppiy péeuéopotentia]s V\,Iith a,md witr,1- (CV) interactions. In order to treat all interactions within one
out nonlinear core corrections. With respect to the role oiand the same XC SChe"_‘e' _the pse_udopotentlals to be em-
core-valence XC, we establish how far its handling affect@oyed In a GGA gal_culatlon in principle ought to be gener-
the accuracy of pseudopotential calculations by comparingvt.eqConS'Stemlw\'Ithln the same G.GA as W?”’ rather than
our results with available all-electron data. We then discus ithin, say, .thﬁ LDA. In the followm_g we d,|,scuss the rel-
the related need for the consistent use of the same x&'ance .Of th|.s pseudopotential consistency” to total-energy
scheme at all points of a pseudopotential calculation, angalculatlons in the LDA and GGA. Within the pseudopoten-
comment on the contribution to the GGA induced changes o al framework the GGA total-energy functional reads
LDA results for cohesive properties driven by differences occ
between LDA and GGA core-valence XC. EocIn]=To[n]+Eu[n]+ESSAN]+ 2 (4| Ve yy),
Concerning proposals for GGA's we present results for '
the PW and the earlier BP schemes. Both are variants of the 2
generic type where the various terms denote the noninteracting kinetic
energy, the Hartree energy, the XC energy and the potential
energy of the valence electrons, represented by the pseudo-
E%A[H]ZJ n(r)ege{n(r),vn(r)}d, (1) wave-functionsy;(r) and the corresponding charge density
n(r)==29¢;(r)|? in the presence of the ion cores, repre-

depending locally on the electronic densitfr) and its gra- sented by GGA pseudopotentialé®®”. The LDA counter-
dient, and vyielding a local XC potentialVyc(r) part to Eq.(2) is obtained by substituting the XC energy
= 6Exc[n]/én(r) as in case of the LDA. These schemes areg:24 and the LDA pseudopotentialé-" for the respective
widely used in present day applications, and remain of intergGA entities.

est as a starting point in recent nonlocal hybrid XC schemes Now the ground-state energies in the GGA and LDA can

expected to improve over GGA-type functiondisAccurate e readily compared with the help of a perturbative analysis

all-electron results are available for those GGA schemes, angf the total-energy functionaE??A[n] and EtL?A[n] at any
(o) 0 ]

serve as a rigorous reference for the pseudopotential calcy;yen set of ionic positions. Around the respective stationary
lations in this study. The PW GGA is derived basically from ground states, characterized by the densitfé&* andn'PA,

first principles, combining the gradient expansions of the exiha variational principle implies that

change and correlation holes of a perturbed uniform electron

gas with real-space truncations to enforce constraints im- EcCA n]=ES nSCAT+ O[ (n—nCCA)2], 3
posed by properties of the physical XC hole. While the

BP GGA may be deemed to be somewhat more heuristic a%nd likewise in LDA. Supposing that the GGA and LDA

it also relies on fitted parameters, it has been yielding resuIt¥IeId §|m|I§1|rE de_”ég'gf[’ E;hei d'ﬁEengn ceLDaf their grzund—state
close to those of the PW GGA, at least in all-electron calcu€ner9ies, oEw=Ei " In"""]—Ey " [n™"], can be ex-

lations. In addition, we have considered the recently proPressed by virtue of Eq3) as

posed GGA by Perdew, Burke, and Err]zerﬁBBE), which SE o= ES(C:BA[nLDA]_ EI).(%A[nLDA]

is regarded as conceptually more concise than the PW GGA

but is expected to perform essentially similatfyln the oce R R

pseudopotential calculations for the properties addressed +2i (YrPAIVCCAYLDA| DAY 4

here we have found the PBE and the PW GGA's to yield
nearly equivalent resulf$, hence our conclusions for the i.e., simply in terms of the density and wave functions ob-
PW GGA hold for the PBE GGA as well. tained within the LDA, using the LDA pseudopotential
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{JLDA Accordingly, the GGA modifies thepseudd total en- N the valence density alone, as it is ultimately a prerequisite
ergy in two ways:(i) By the direct difference of the XC for an efﬁmept p!ane—wave representation. Custc_)marllyafur—
AT LDA]_ EI).(I%A[nLDA]_ This term cor- ther separation in terms of frozen core and variable valence

energieséEyc=Ex¢ A ) . - .
responds to the often appli@dposteriorigradient-correction contnpuﬂong is accomplished by *linearizing” the XC in-
feraction taking

scheme where, at given ionic coordinates, the density i
evaluated self-consistently from the LDA XC potential and R b . R
then used to compute the total energy with the GGA XC  VxclNn"+ng:rJ=Vxc[n+ng;r]+(Vxclno+ng;r]
energy functional. For the GGA'’s considerel ¢ is nega- vV vy e .
tive, and vanishes in the limiting case of the homogeneous xclNo*No:r 1), @)
electron gas. Typically its magnitude increases with the de- . ~ i
gree of inhomogeneity of the system at hdddhe GGA where the par'ua] co:e d(uansnyg(r) serves as a control pa
correction to the LDA XC energy being larger for a free rameter. Choosmgw ~No the §creened pseudopo'gentlal_s,
atom or molecule than in a solidi) By the potential-energy and thus thle atomic properties |hn the reference rc;onﬁg;:r:;:tlon,
. ~ A . r rr recovered. Now rms on right-han
correction 6EV:E?°°(¢}'DA|VGGA—V'-DA|zpiLDA), which are correctly recovered. Now those terms on the right-hand

: . ._side of Eqg.(6) which are independent of the valence density
arises as a consequence of the pseudopotential approxi

. q v refl he diff in the behavi efine the usual pseudopotentials that are to be transferred to
tion an .eventu.a yre ects the dilferences in the JENAVIOr Ong screened according to the environment of one’s target
the CV interactions in LDA and GGA. Note that in an all- system. Applying Eq(7), they read

electron formulation this term would be absent altogether. ' ’

Clearly the potential energy correction is missed when LDA V(1) = VP 1)+ VuTnS 11+ (Ve N8+ - r
pseudopotentials are carried over to GGA calculations, giv- (= VTR 4 Vilng:r 1+ (Vaelng +ngir]
ing rise to a “portability” error compared to the consistent —~Vyc[n+ng;r]). 8

GGA calculation using GGA pseudopotentials. We shall
demonstrate in Sec. IV thaiE, does not cancel out when The last term here comprises the core-valence XC interaction
total-energy differences are considered, but is in general of

similar importance t&Eyc for quantitative tests of the GGA AVyc(r)=(Vyc[ng+ng;r1—Vyc[ng+n:r]),  (9)
within the pseudopotential framework.

For an understanding of the differences between the GGAS represented by the ionic pseudopotential. Below we dem-
and LDA, it is worthwhile to examine more closely the vari- Onstrate that it is the key quantity to understand the differ-
ous contributions to the CV interactions mediated by theences between the ionic pseudopotentials in LDA and GGA
pseudopotentials. In the following we identify and discussWhich, in practice, are defined simply by “unscreening” the
these for norm-conserving pseudopotentfAisonstructed by ~ screened potentials according to
standard schem&%* from atomic all-electron calculations. _

As a canonical first step these algorithms generate angular V,(r)=V‘3ﬁ[no;r]—VH[nS;r]—VXC[n3+ ng;rl, (10)
momentum-dependent screened pseudopotenti’ﬁf%no]
from a particular reference configuration, e.g., the groun
state of the neutral atom, assuming a spherical screenin
These act as effective potentials on the atomic pseudo v
lence states via the radial Schdinger equations

d/vith all quantities evaluated within the respective XC
cheme. Note that the transformation Eg. turns the core-
/alence XC energy into a linear functional of the valence
density that is absorbed in the pseudopotential contribution
to the total energy instead of being treated as a part of the
XC energy itself. By experience the complete core-valence

rRi(r)=0. (5) linearizationn$(r)=0 has proven to be accurate for the ma-
jority of applications within the LDA. It is expected to be
VIEff[ Ny] contain a common spherical screening poten’[iaﬂustified for local functionals like the LDA and also the GGA
which is self-consistent with thetal atomic charge density if the overlap of the core and valence charge densities does
no(r), comprised of thépseudo valence density} and the not substantially change Whenever chemical bonds are
core charge density$ obtained from the all-electron core formed or altered. Formally the~nonllnear core-valence XC
states. The effective potentials can be decomposed rigogould be regarded exactly, taking(r)=ng(r), and, corre-
ously into the Hartree potential4, and the XC potential due spondingly, Exc=:Exc[n+n§] in the total energy func-
to the valence and core .ekb-:-;:rgrons. and an angular-momenturignal ), whereﬁg denotes the core charge density as com-
dependent bare potentiad™" which conveys the nuclear o nded from the frozen atomic core charge densities.
attraction and the Pauli repulsion due to the core states; fqqowever, since the core states are strongly localized and
an arbitrary valence configuration one has sharply peaked, such a choice is beyond the realm of a plane-
wave representation. If a complete linearization of CV XC
VI T J= VIS + ViG] + Viln'r] proves ir?sufficient, e.g., in calcpulations of alkali metalsr
VN +ng;r], (6) involving spin polarizgtior"r? the npnlinearitie; can still pe
captured adequately in the chemically most important inter-
which, in the reference configuratiom£ n$+ng), reduces atomic regions with the help of a partial core density, as was
of course to the screened pseudopotentials. Through the nofirst realized by in Ref. 48. It is tailored to coincide with the
linearity of the XC potential in the density the effective po- full core charge density beyond a suitable cutoff radiys
tential retains a dependence on the total density rather thdsut avoids the sharply peaked structure close to the nucleus

1d2 1(1+1)

effi .
—§ﬁ+7+v| [no,r]_8|




57 PSEUDOPOTENTIAL STUDY OF BINDING PROPERTIES ... 2137

T T T T T T T T T T T T T T T T T T T T Tk LIS AL R A A R N R M T T T 1 T T T T T T 7 7T

2 L as 1 Ge -1 cu L
N
1 4s r 0.104 [ L | ===-08AY,,lincarized (i) |
4 = - H ' —— 3AV,, partial core (ji)
] L 8 4 Y L4 == 3V, =0 ) |
3o g PN ] o
;= 14 4p - = [} B =
|5 <
= ] I 2
tS 7 I =2
g~ -2 Ge r e
B L T
i —— BPGGA| @
——- LDA
4 4 L
-4 L
m Il L I3 L 1 Il Il Il Il Il Il L I Il 1 Il Il L 1 1 1 L 1 L 1 L L L L H 1 t L 1 I L
0 1 2 3 0 1 2 3 0 1 2 3
r(bohr) r (bohr) r(bohr) r{bohr)

FIG. 1. Screened pseudopotentials within BP GGA and LDA for  FIG. 2. Difference of the ionic pseudopotentials in BP GGA and
germanium and copper. On the scale of these plots the GGA andDA for germanium and copper, corresponding to the screened
LDA pseudopotentials lie one on top of each other. Shown areotentials given in Fig. 1. Shown are the XC, Hartree, and bare
Troullier-Martins pseudopotentials with cutoff radi ,=1.9 bohr  potential contributions, cf. Eq. 8), as discussed in the text. Both
andry=2.3 bohr(Ge), andr 4= 2.0 bohr and ,=2.3 bohr(Cu). panels use the same scale for the ordinate. The cutoff radius of the

partial core charge densities was chosen as 1.3 bohr.

by a smooth cutoff functiofo(r) chosen largely at compu-
tational expediency, cf. Ref. 48 and Sec. 1V, (i), where CV XC is approximated. The core-valence Har-
tree potentials are seen to make a small positive contribution,

ng(r) forr=r,
()= (11) SVH(r)=Vyu[n§( GGA);r1—Vy[n§( LDA);r].
b(r)ng(r) forr<r, withb(r)<1.
This reflects the fact that the core states are more tightly

Note that the CV XC component of the ionic pseudopoten-bound in the GGA than in the LDA, somewhat enhancing the

tials vanishes beyong, electrostatic screening of the nucféf! Sill, sV, is found
It is well understood that the GGA does not substantiallyt0 be Wegk?rr] agd fastetr dtgclayllng gi‘nh(heclllqtoer()j/)'fglf-
alter the wave-functions and the spectrum of atomic vaIencIaerences In the bare potentials. In ¢ egenuinedifter-
states compared to the LDA; these are bound too weakly ighee pote_ntlal IS superlmpose_d W'.th a long _ra_nged, repu_lswe
both schemed: mainly because the XC potentials of thesehump. This feature clearly signifies the distinct analytical

schemes insufficiently cancel the repulsive contribution fronPGhaVIor of the CV XC potentials, E9), in the LDA and

the electrons’ self-interaction to the Hartree potential. conCCA, rather than differences in the self-consistent charge

sequently the effective potential§) for the pseudovalence densities. Notably for germanium it attains its maximum

states ought to be close for both XC schemes. Indeed t %round and stretches well bey_c_)nd the maximum of t_he va-
ence charge density up to radii that correspond to midbond

screened LDA and GGA pseudopotentials are barely dlsnn_ositions. Including a partial core charge density, céide

uishable by a simple visual inspection as can be seen, e.%. . ; .
9 y P P fiminates by construction the core-valence XC potentials

for germanium and copper in Fig. 1. . : S
Turning to the unscreened ionic pseudopotentials actuall utS|_de th? respective cutoff radius in both LDA and GGA.
this region one therefore recovers the more short-ranged

used for calculations, more pronounced deviations betwee . ) i .
LDA and GGA pseudopotentials emerge. These may by ea __nd, in case of germanium, weaker genuine difference poten-

ily analyzed in terms of the various pseudopotential Compo_|aI. Inside there remains some mterference_ of genuine and

nents given by Eqs8) and (7) which contribute to the dif- core-valence XC-related differences as partial and full core
" GGA LDA . charge density deviate from each other.

ferencesV,(r)=V,>>"(r) =V "(r), where the superscripts Th b di . h he disti

indicate the type of XC employed in constructing the e above discussion suggests that the distinct core-

seudopotentials. This decomposition is illustrated in Fi 2valence XC interaction in the LDA and GGA is a prime
pseudop as. 1hi omposition 1S Hiu NF19. 25ource of the differences between the pseudopotentials. As
weighting all differences with the-dependent volume ele-

ment. To highlight the role of the individual contributions we the LDA pseudopotentials and their GGA counterparts differ

o N . : even in interatomic regions, they are to be expected to per-
distinguish three case§) a completely linearized CV XC, form unlike in a pseudopotential calculation which employs

ng(r)=0; (i) an approximate account of nonlinear CV XC, the GGA for the XC energy, germanium with linearized CV
employing a partial core charge density identical with thexc peing a generic example. By explicitly considering non-
full one outsiderC=1.3~bohr; andiii) a full account of non-  jinear CV XC, or, as exemplified by copper, by including
linear CV XC, takingn§(r)=ng(r). Case(iii) serves to more semicore states as valence states, the difference in CV
identify the genuinedifference potential, due to the unlike XC is removed from the pseudopotentials and instead taken
bare and core-valence Hartree potentials. These originate jutto account through the XC energy functionals themselves.
from the small differences of the self-consistent atomic ordn this case LDA and GGA pseudopotentials should thus
bitals in LDA and GGA and thus remain the samgiinand  behave more alike, provided of course the cooperative genu-
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ine differences are negligibly small themselves. In Sec. IV

% a0l PWGGA ]
we substantiate these aspects quantitatively. g P
g W - ©
§ =20 \\{/, ,
ll. COMPUTATIONAL METHOD $ a0f o/ DA

From a practitioner’s point of view, GGA’s are readily Na Al Si GeGaAsCu W
incorporated in plane-wave-based schemes: the derivatives
of the density needed to compute XC energy and potential in 2
position space are evaluated from the reciprocal space repre- 0.

sentation of the density, and transformed to position space FIG. 3. Top panel: Relative error of the bulk lattice constant

using Fourier transformations, the convergence of all rélyyajyated within LDA and GGA with respect to the experimental
evant quantities being controlled—as in the case of thajye. Filled squares refer to the present work, open circles to all-
LDA—through the plane-wave basis size. The constructionsjectron results of Refs. 26 and 29. Bottom panel: Increase of the
of norm-conserving pseudopotentials withint GGA’s pro- pylk lattice constantda,) from the LDA to the GGA value relative
ceeds entirely parallel to the one in LDA. The necessaryo the experimental value for either method.

radial density gradients may be inferred, e.g., directly from

the derivatives of the radial wave functions. points®® For evaluating the cohesive energies we chose a
We constructed pseudopotentidishased on a scalar- plane-wave cutoff energy of 50 Ry for all crystals other than
relativistic atomic calculation using the scheme of Troullier diamond, Cu, and W, for which we used 100 Ry. The respec-
and Martins®® Core and valence states were partitioned asjve structural parameters were determined with roughly two
usual, i.e., retaining only the uppermost occupgednd p  thirds of these values. These computational parameters allow
states as valences, except for Cu and W, where th€58)  for a numerical precision of better than 0.5% for the lattice

states need to be included in the valence space. The resultiggnstants, and better than 50 meV for the binding ener§ies.
semilocal potentials were further transformed into fully sepa-

rable representations of the Kleinman-Bylander kihdn
case of nonlinear CV XC we used a cuspless polynomial to

represent the partial core charge density inside the cutoff Two sets of GGA calculations were performed where we
radius. Continuity of the density up to its third derivative is adopted either the consistent GGA approach, employing the
enforced to ensure that the GGA XC potential joinsGGA for both plane-wave calculatioand construction of
smoothly. Various tests, carried out for the free pseudoatomg,e pseudopotentials, or, by contrast, the inconsistent GGA
and described in the Appendix, indicate comparable transferapproach, employing the GGA for the plane-wave calcula-
ability for the GGA and LDA pseudopotentials. The ionic tion but the LDA for the construction of the pseudopoten-
pseudopotentials are tabulated and transferred without anygls. The results of our calculations are compiled along with
intermediate fitting to the plane-wave calculation. We haveeference data in the Tables IV-VIIl. By a comparison with
refrained from any smoothirijof the ionic GGA pseudopo-  a|l-electron data and calculations including nonlinear CV
tentials, which on occasion display short-ranged oscillationsxc, we first demonstrate the pseudopotentials to be as trans-
mostly for the PW GGA®*° These correspond to a plane- ferable within the GGA as in the LDA. In particular trans-
wave energy regime where the kinetic energy dominates aferapility is not more stringently limited by nonlinear CvV XC
other energy contributions and may, therefore, be conceivegh the GGA than in the LDA. This provides the frame of
to be physically negligible. Care is required, though, to leaveeference for our subsequent examination of the consistent
the relevant low Fourier Components intact if Smoothing iSand inconsistent GGA approaches which are found to be in-
performed. With a numerical tabulation this is attained in anequivalent indeed. Following our discussion of Sec. I, we
unbiased, systematic manner through the basis size cutoff.then show that the perturbative potential-energy correction
We have computédthe total energy per atom in the bulk yields a good quantitative account of the differences between
systems varying the lattice constant within abau$% of  these approaches. Together with the fact that the discrepan-
the respective equilibrium value. Fitting these energies t@ies are essentially eliminated once nonlinear CV XC is in-
Murnaghan's equation of staté,we obtained the equilib- cjuded, this allows us to identify these discrepancies as a
rium values of the lattice parameters and the total energy pepanifestation of the distinct behavior of CV XC in the LDA
atom. The cohesive energy was determined by subtractingnd GGA. That is, we find CV XC to contribute significantly

the latter from the total energy of the spin-saturated sphericab the correction of the binding energies and lattice param-
(pseudg atom. To correct this value for neglected contribu- eters induced by the GGA.

tions due to the spin polarization of the atomic ground state,
we added the difference of the total energies of the spin-
polarized and -saturated all-electron atom within the respec-
tive XC scheme. Corrections of the theoretical values of the Possible uncertainties rooted in the pseudopotential ap-
cohesive energy for the phonon zero-point energies are digroximation itself are properly distinguished from effects

regarded, they amount t& 180 meV for diamond and are due to the use of different XC functionals by a comparison
expected to stay below 60 meV for the other solid¥ The  with all-electron data. To this extent, in Fig. 3 we show the

Brillouin-zone sampling for the bulk systems was carried outrelative error of the lattice constant with respect to its experi-
using 6x6x6 (diamond, NaQl 8x8x8 (Al, Si, Ge, mental value based on a compilation of results from recent
GaAs9, and 10<10x 10 (Na, Cu, W meshes of specidt all-electron calculation$®?° and as obtained in the present

4.
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IV. RESULTS AND DISCUSSION

A. Pseudopotential transferability within the GGA
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TABLE I. Cohesive properties of Na. The first column indicates  TABLE Ill. Cohesive properties of hcp Mg. Like Table I. The
the XC scheme used to generate the pseudopotentials, the secoeguilibriumc/a ratio was obtained as 1.58DA) and 1.66(GGA),
the one employed for the XC energy of tpseudd atom and solid.  and the experimental value is 1.82.

Bracketed values are based on nonlinear core-valence XC. We

show the lattice constary), the bulk modulu,, and the cohesive Potential Exc ag (A) B, (GPa E, (eV)
energyEy, . The latter includes spin corrections of the free Na atom
BP BP 3.17(3.18 32(3) 1.27(1.22
Potential Exc ag (A) B, (GPa E, (eV) PW PW 3.20(3.20 30(32 1.42(1.40
LDA LDA 398 (409 87(9.)  1.28(1.22 Experiment’ 321 35.4 1.51
LDA BP 3.97(4.22 8.7(7.3 1.06(0.99
BP BP 420422 73(74  004(0.94 Reference67.
:;e\'f TD\CIV 3492%3;2 ?ggg; 132882 nonlinear CV XC reduces the LDA value of the lattice con-
T o ' i stant by=49%, and raises the PW GGA value by4%. It is
LDA 2 4.05 9.2 well established that an explicit account of nonlinear CV XC
pwa 4.22 7.1 is essential in order to predict dependable lattice properties
: for compounds of alkali metals within the LDX.Our re-
Experiment 4.23 6.92 111 sults for NaCl suggest that this conclusion applies to the

GGA's as well. Such a behavior seems reasonable, as in
view of the relatively easily polarizable valence shell of Na
its core-valence overlap in metallic sodium or NacCl is likely

seudopotential framework, accounting for nonlinear CV XCtO depart considerably from the one in the isolated Na atom,
P P ' 9 so that an explicit account of the ensuing nonlinear changes

and working with the consistent approach to the PW GGA. Ito]c core-valence XC becomes indispensable at large. The

can be seen in the LDA as well as in the PW GGA that th resence of slight differences in the calculated lattice prop-
results of the pseudopotential and the aII-eIectrpn metho rties with and without explicit nonlinear CV XC for GaAs,
agree on the order of or better than 1%. In particular botfbe and W can be similarly conceived as a signature of the

methods yield virtually the same Iatt.ice expansion due to th%xtended core charge densities in these atoms compared to
GGA compared to the LDA. Merely in case of Al, the agree—C, Al, and Si, for which such differences are not observed.

vn\;eenr;[oltse r,:ﬁ;tﬁ#]hé q:Z‘EE?U(;an;ngaelgg%;Ez rbeU|Ir(031lj)fewt'hThey are likewise absent in copper, where the semicare 3
reduction of the IE)DA vaﬁjes due to the GGA ag Obtained&ectrons are considered as valence states so that their XC
interactions with the g electrons are incorporated exactly.

from the all-electron calculations. The residual discrepancie%us we altogether find the nealect of nonlinear CV XC
between pseudopotential and all-electron results for the bulk 9 g

; . ) within the GGA'’s of similar importance to the transferability
mgdulljleOfseGeen Eglsd f?ﬁrﬁir‘%é?ih;?g ?r?o\:veeliaiulrnaggetreGaGtrﬁeOf the pseudopotentials as within the LDA. In all cases where
re )l/Jires the extendedd3states of Ga and Ge to be consid- t%nlinear CV XC is dispensable in the LDA, it proved to be

9 negligible in the GGA'’s as well. Judged by the systems and

ered as valence statés. I properties considered we clearly find the pseudopotential ap-

The routine disregard of nonlinear CV XC entails no a : . .
terations of the calculated lattice properties compared to th rgaAcgslt;e:LéoLgeA equally applicable and accurate in the

results obtained with explicit account of nonlinear CV XC =" "¢ /ts compare well with those of previous pseudo-

for diamond, Al, and Si. For Ge and GaAs the lattice con- . . -
stants are reduced by 1% in the LDA, and changed some- potential calculations reported in Refs. BP GGA) 28 (BP

what less in the GGA. The values of the lattice constants of TABLE IV. Cohesive properties of Al. Like Table I, including

sodium metgl turn out smaller P@” 2% in the LDA, and spin corrections of the free Al atom of 0.X6DA) and 0.19 eV
change again less for the GGA’s. For NaCl the neglect of(GGA).

8All-electron data from Ref. 5.
bReference 67.

TABLE II. Cohesive properties of NaCl. Like Table I, and using pgtential Eyc ap (A) B, (GPa E, (eV)
a spin correction of 0.20 eXLDA) and 0.22 eMGGA) for the free
Cl atom. LDA LDA 3.97 (3.97 83 (85 4.09(4.09
LDA BP 3.97(4.03 80 (75) 3.39(3.29)
Potential ~ Exc ao (A) B, (GPa Ep (eV) BP BP  4.054.05  75(75  3.26(3.29
LDA LDA 510 (543 32(32  7.28(6.99  LPA PW  397(402  81(7n  3.64(359
LDA BP  527(567 27(22 659624 W PW 405404  79(79  352(353
BP BP 5.74(5.68 21 (22 6.20(6.19 LDA 2 3.098 83.9
LDA PW 5.28(5.65 28 (23 6.85(6.43 pw?2 4.10 72.6
PW PW 5.87(5.66 18 (23 6.22(6.40
Experimenf 4.05 77.3 3.39
Experiment 5.64 24.5 6.51

8All-electron data from Ref. 26.
aReference 67. bReference 67.
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TABLE V. Cohesive properties of diamond. Like Table |, using  TABLE VI. Cohesive properties of Si. Like Table I, using spin
spin corrections of 1.18.DA) and 1.26 eMGGA) for the C atom.  corrections of 0.6LDA) and 0.79 eM(GGA) for the Si atom.

Potential Eyxc ap (A) B, (GP3 Ep (eV) Potential Exc a, (A) B, (GP3 Ep (eV)
LDA LDA 3.54 (3.59 436 (436) 8.96(8.93 LDA LDA 5.38 (5.39 94 (94) 5.34(5.32
LDA BP 3.55(3.58 421 (400 7.93(7.57 LDA BP 5.40(5.46 91 (86) 4.60(4.47)
BP BP 3.59(3.59 399 (400 7.56 (7.58 BP BP 5.47(5.47) 85 (85 4,46 (4.45
LDA PW 3.54(3.58 424 (406 8.09(7.92 LDA PW 5.39(5.4H 92 (87) 4,79 (4.69
PW PW 3.58(3.589 408 (405 7.80(7.83 PW PW 5.46(5.46 87 (87) 4.64(4.64)
Experiment 3.57 442 7.37 LDA 2 5.41 96 5.28
Bp? 5.54 80
aRefel’ence 67 PWa 550 83
and PW GGA’3, and 35(PW GGA). The severe overcorrec- Experiment 5.43 98.8 4.63

tion of the lattice constants of Al, Si, Ge, and GaAs in the
case of the PW GGA without nonlinear CV XC, found by “All-electron data from Ref. 29.
Juan and Kaxira¥ is not confirmed here. Similar to Ref. 28, "Reference 67.
our findings do not support the conjecture put forward by the
authors in Ref. 35 that an explicit treatment of nonlinear Cvand instead the lattice parameters closely resemble their
XC is necessary in order to arrive at transferable pseudopd-DA values. Likewise, the cohesive energies turn out larger
tentials within the PW GGA. by 0.3-0.7 eV in the inconsistent GGA approach than in the
For the present sytems we find both GGA’s to predictconsistent GGA approach. These values amount to (th&
closely agreeing structural properties with only immaterialmond up to 50%(Ge) of the correction of the LDA value for
differences. Compared to the LDA we note enhanced agredhe cohesive energy that results from the consistent GGA
ment with experimental data regarding the lattice constantgpproach. A somewhat modified behavior is observed for
of Na, Mg, Al, and Si. For the other materials the GGA copper, where the lattice parameters are close to those from
functionals overestimate the lattice constants to a similar dethe consistent GGA approach, and the cohesive energy cor-
gree as the LDA underestimates them. The bulk modulfection turns out larger by about 0.2 eV than with GGA
within the GGA’s are predicted in good accordance withpseudopotentials. We find the consistent and inconsistent
experiment only for Na and Cu; for the other materials theyGGA approaches to both yield congruous descriptions of the
are clearly underestimated, in particullay up to~ 25%) binding properties once the calculations include nonlinear
for the semiconductors. In all cases the PW GGA yieldsCV XC: the inconsistent GGA approach uniformly recovers
cohesive energies in close agreement with experimental fighe typical lattice expansion as well as the decrease of the
ures, and corrects the overbinding of the LDA. Observecohesive energy. The only incongruencies found between the
however, that in the GGA the values of the atomic energytwo approaches concern residual deviations of about 0.2 eV
and hence the cohesive energy were still lowered by up téor the cohesive energies of diamond and cogpee Tables
several tenths of an eV by allowing for nonspherical ground-V and IX).
state densities>°’ possibly unveiling a slight “underbind- To further discuss the GGA correction of the cohesive
ing” indicated already by the overestimate of the lattice pa-energy E,,, dependent on the choices for pseudopotential
rameters. We note that the BP GGA yields cohesive energiegnd the treatment of CV XC, we examine the constituent
systematically lower than the PW GGA, suggesting a slightlycorrections of the total energies fgrseudo atom and solid
weaker binding than the PW GGA. separately by the decomposition

B. LDA vs GGA pseudopotentials in GGA calculations TABLE VII. Cohesive properties of Ge. Like Table I, using spin
) o correction of 0.60LDA) and 0.74 eMGGA) for the Ge atom.
Having reassured ourselves of the validity of the pseudo-

potential ansatz itself, we now turn to an account of thepgtential Exc a, (A) B, (GPa E, (eV)
inconsistent GGA approach where LDA rather than GGA

pseudopotentials are employed. As argued in Sec. Il, LDA-DA LDA  5.56 (5.60 73(71) 4.75(4.58
and GGA pseudopotentials exhibit substantial difference$DA BP 5.59(5.79 67 (57) 3.96(3.66
even in the interatomic regions of molecular or crystallineBP BP 5.73(5.79 59 (56) 3.70(3.66
compounds. This eventually implies that LDA and GGA LDA PW 5.58(5.74 69 (59 4.14(3.82
pseudopotentials perform differently when they are comPw PW 5.74(5.74 58 (58 3.82(3.82

bined with the GGA XC energy functionals.

It is evident from the results listed in Tables |—VIII that LDA: 563 8 4.54
the outcome of the inconsistent approach depends sensitively BP 5.76 60
on the handling of core-valence XC. We shall address the PW? 5.75 61
linear CV XC first. Within it, the inconsistent GGA approach  gyperiment 5.66 76.8 3.85

yields a description of the cohesive properties clearly dispar-=
ate to that obtained from the consistent one: the characteristill-electron data from Ref. 29.
lattice expansion in either BP or PW GGA does not occurPReference 67.
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TABLE VIII. Cohesive properties of GaAs. Like Table 1, using TABLE X. Cohesive properties of bcc W. Like Table I, using
spin corrections of 0.15LDA) and 0.18 eV(GGA) for Ga atom,  spin corrections of 2.04 e\LDA) and 2.32 eV(GGA).
and 1.41(LDA) and 1.67 eMGGA) for the As atom.

Potential Exc ap (A) B, (GP3 E, (eV)
Potential Eyxc ag (A) B, (GP3 E, (eV)
LDA LDA 3.14 (3.19 324 (33)) 10.76(10.29
LDA LDA  5.50 (5.57) 79 (79 8.68(8.19 LDA BP  3.15(3.2) 308(306  9.26(8.52
LDA BP 5.52(5.72 74 (62 7.19(6.33 BP BP 3.20(3.2) 299 (308 8.73(8.59
BP BP 5.68(5.72 64 (62) 6.52(6.33 LDA PW  3.14(3.20 313(3089  9.63(8.87
LDA PW 5.51(5.70 76 (64) 7.51(6.63 PW PW 3.22(3.2) 298(310 8.88(8.87)
PW PW 5.69(5.71) 63 (64) 6.74(6.63
LDA 2 3.14 337
LDA 2 5.62 74 7.99 Pw?2 3.19 307
BP? 5.76 60 -
PWa 574 65 Experimenf’ 3.16 310 8.90
Experimenf’ 5.65 74.8 6.52 :All-electron values from Ref. 26.
Reference 67.
All-electron data from Ref. 29.
bReference 67. results in a decrease of the cohesive energy, except for cop-
per, where we observe the above-mentioned slight enlarge-
SEp= ESGA_ EtDA: 5Eteg?m_ 5Etsgt|id1 (12) ment. Taking nonlinear CV XC into consideration, the mag-

nitude of the potential-energy correction is reduced

making use of the the perturbative analysis of Sec. II. Folcompared to linear CV XC. ImportantlyEy no longer con-
lowing Eg. (4) the GGA entails a twofold change of the total tributes to the change of the binding energy, W_hlch is mstea_\d
energy compared to the LDA: the direct correction of the Xccaptured completely by the XC energy correction for Na, Si,
energySExc and the potential-energy correctidf, . Now and Ge, shown in detail in Table XI. It does retain signifi-
the consistent approach comprises both corrections so th§&nce in the case of diamond and copper, however. Save for
the change in total energy is given B = 6Eyc+ OEy . these, the inconsistent and consistent approaches with ex-
By contrast, the inconsistent approach neglects the differendicit nonlinear CV XC thus produce similar values for the

of the LDA and GGA pseudopotentials so tfé#, vanishes Pinding energies. _ o
and the change in total energy is limited &= SExc . In We note the lattice expansion observed upon switching
over from the LDA to the GGA to be consistent with the

Table XI we detail the various terms for some exemplary ) : ;
cases. repulsive character of the difference potential between the

We see, first of all that the perturbative treatment is well-DA and GGA pseudopotentials seen in the real space in-
justified, as it closely reproduces the total-energy correctionSPection of the respective pseudopotentials, cf. Fig. 2. Simi-
extracted from the respective self-consistent LDA and GGA&'y the potential-energy correction turns out positive, and
calculations in both atoms and solids to within 0.02 e\, Mmore so in the solid where valence charge accumulates in the

Adopting linear CV XC, the XC energy correction in each bonding region. Once .nonlinear cv _XC is taken i”tf’ ac-

case is found to account only partly for the GGA-inducedCOUNt, the XC-related differences outside the core region are
change of the cohesive energy. Instead a substantial fractidifminated. What remains are essentially the genuine differ-
must be attributed to the potential-energy correction, and i§NC€S Of the LDA and GGA pseudopotentials, reflecting the
thus indeed effected by the difference of the LDA and ccadifferent description of the core states in the respective XC

seudopotentials. Acting in a like manner 8y, SE schemes. In principle the more tightly bound core states in
P P g xe V' the GGA should make the Pauli and Coulomb repulsion

TABLE IX. Cohesive properties of fcc Cu. Like Table I, using MO'€ short-ranged compared to the LDA, adding some re-

spin corrections of 0.20LDA) and 0.25 eV(GGA). pulsiqn about the ion sit_es and some attra(_:tion at i_ntermedi-
ate distances. The details are certainly quite species depen-
Potential Exc a, (A) B, (GPa E, (eV) dent, and, moreover, one cannot rule out some interference
from residual XC-related differences, e.g., due to the unlike
LDA LDA 355356 172(172  4.31(4.29 partial and full core densities, frustrating amypriori esti-
LDA BP 3.68(3.70  124(122  3.09(3.09 mate of their contribution to the potential-energy correction
BP BP 3.67(3.68  130(13)  3.22(3.23 SEy . Nevertheless, as the genuine differences are small and
LDA PW  3.67(3.69 127(123 3.23(3.20 confined to the immediate vicinity of ion sites, they should
PW PW 3.67(3.67  134(132  3.38(3.39 be rather inconsequential to the calculation of total-energy

differences. Such a scenario is conceivable, and consistent

LDA: 3.52 192 4.29 with our results for Na, Al, Si, etc., but has its limitations as

BP a 3.12 major portions of the valence charge density reside and ad-

PW 3.62 151 3.30 just to charge transfer close to the ion sites. This clearly
Experimenf 3.60 138 3.50 applies for the P states of the first-row elements like C and
the 3d transition metals like Cu, which take on their maxima

All-electron values from Refs. 26§, By) and 12 €p). in the domain of the genuine differences. Hence we find the

bReference 67. potential-energy correction for these elements to be only
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TABLE XI. Change of the cohesive enerd,, , due to the replacement of the LDA by the PW GGA.
We list the total-energy change per atom as obtained from self-consistent calculaigpsand according
to Eq.( 4), SEi,= SExc+ SEy . The latter is decomposed into its consituent terms arising from the different
XC energies,6Exc, and from the different pseudopotentiai£,, . The values without and with brackets
correspond to calculations with linearized core-valence XC, and nonlinear core-valence XC respectively. No
spin corrections were applied to the atomic energies. The lattice constants were kept at their experimental
values in all calculations, the ensuing error of the total energy due to the deviation from the theoretical
equilibrium structure staying below50 meV per atom. Symbols are explained further in the text.

SEM (eV) SEO™M (V) SE, (eV)

Na = 0.32(-3.20) 0.10(-3.35 -0.22(-0.14
SEyc+ SEy 0.32(-3.20 0.10(-3.35 -0.22(-0.15

SExc -0.01(-3.20 -0.07(-3.39 -0.06(-0.19

SEy 0.33(-0.00 0.17(0.01 -0.16( 0.0)

Diamond SE ot 0.31(-1.42 -0.71(-2.42 -1.02(-1.00
SEyc+ SEy 0.32(-1.40 -0.70(-2.41) -1.02(-1.01)

SExc -0.46(-1.39) -1.19(-1.39 -0.74(-0.8)

SEy 0.78(-0.03 0.49(-0.13 -0.29(-0.10

Si = 0.60(-0.97) 0.03(-1.52 -0.57(-0.59
SEyc+ SEy 0.61(-0.96 0.04(-1.5) -0.57(-0.55

SExc -0.27(-1.09 -0.69(-1.62 -0.42(-0.53

SEy 0.88(0.13 0.73(0.1) -0.15(-0.02

Ge SE ot 1.50(-5.50 0.65(-6.16) -0.85(-0.66)
SEyc+ SEy 1.50(-5.48 0.65(-6.16) -0.85(-0.68

SExc -0.24(-5.49 -0.66(-6.17) -0.42(-0.68

SEy 1.74( 0.0) 1.31(0.0) -0.43( 0.00

Cu = 1.63(-1.99 0.69(-2.96 -0.94(-0.99
SEyc+ SEy 1.64(-1.99 0.70(-2.95 -0.95(-0.96

SExc -5.54(-7.49 -6.66 (-8.64 -1.12(-1.16

SEy 7.19( 5.50 7.36(5.69 0.17( 0.19

partly conditioned by the treatment of nonlinear CV XC. In V. SUMMARY AND CONCLUSIONS

case of Cu the @ electrons are considered as valence rather . L
) . . . In conclusion, we showed that GGA pseudopotentials in-

than as core electrons, so that their XC interactions with the . ) .
: deed convey a substantial share of the GGA’s corrections
4s electrons are accounted for exactly and not linearly

through pseudopotentials. For such a core-valence partitiorobver the LDA. Accordingly we deem the consistent use of
ing it is readily verified by inspectioficf. Fig. 2) that the GA's in the application of the pseudopotentiahd their

) : .~ construction, to be generally a key requirement to attain
differences of LDA and GGA pseudopotentials are primarily 5 a quantities equivalent to those obtained within GGA

of the genuine kind, and thus quite independent of a furthep|_glectron methods. By contrast, inequivalent results arise
account of nonlinear CV XC with still deeper core states.yhen the XC energy is treated in GGA but the pseudopoten-
Accordingly we obtain an actually equivalent description oftjas are taken, inconsistently, to be the same ones as in the
the bulk lattice parameters in the GGA with either LDA or LDA. We have found such “portabi”ty errors” to be most
GGA pseudopotentials, with the potential-energy correctiorsignificant when the XC interaction of core and electrons is
to the cohesive energy being of the order of 0.2 eV withintreated linearly as a component of the pseudopotential, but
both linear and nonlinear CV XC. We would like to point to less important when the nonlinear core-valence XC interac-
an analogous observation made in a pseudopotential studipn is incorporated properly into the XC energy functional
employing the linearized augmented plane-wave methodyf the valence electrons, itself employing a partial core den-
where the full atomic core density was retained: investigatsity. The precise agreement of the results for the cohesive
ing Fe within the PW GGA, Cho and Schefflereported  energies from our perturbative and self-consistent calcula-
nearly identical structural and magnetic parameters with eitions conforms with the common Idre*® that self-
ther LDA- or GGA-based pseudopotentials. consistency has only a small effect on the value of GGA total



57 PSEUDOPOTENTIAL STUDY OF BINDING PROPERTIES ... 2143

energies and differences thereof. Instead these can be accL
rately evaluated with the LDA wave functions and charge
density. Our analysis shows however that suchagmoste-

riori GGA scheme within the pseudopotential framework g -10 ¢ i v. ‘
must treat the difference in the valence-valence XC energiesg 10|
and the ionic pseudopotentials on an equal footing, as giveng
in Eq. (4): either carrying out the initial LDA calculation
with LDA pseudopotentials and adding to the total energy

101 4d LDA [ 4d PW GGA +

scale)
o
//
/4
i

deriv
iR
(=3 o
'S
o
‘j
S
©
‘J

Q A
the correctionSEyc+ SEy or, equivalently, doing the LDA  E 101 4s \&\\ T 4s \\
calculation with GGA pseudopotential$t,=0) and add- 8  o: - T
ing just SEx¢ to the total energy. = 10 \ \ }
As the differences of the pseudopotentials originate from e L Y E— iy S YR -
the distinct core-valence XC potentials in the LDA and " energy (hartree) energy (hartree)

GGA, we moreover understand our findings as evidence that
the bond softening in GGA is directly related to a stronger FIG. 4. Logarithmic derivative®/ (¢)/R(e) vs energys for
XC repulsion between the valence and upper core states thalie germanium ator(atr = 2.4 bohr, and with the glcomponent as
in the LDA. The reduction of the binding energy by the the local potential Solid lines correspond to the all-electron poten-
GGA on the other hand appears to a larger extent due thal, dashed lines to the semilocal pseudopotentials, and long-dashed
describing the XC of the valence electrons among themlines to their.KIeinman-ByIander form. Reference energies are
selves within the GGA instead of the LDA. The notion of a Marked by solid triangles. In the all-electron case the pole in the 4
more repulsive nature of GGA core-valence XC agrees wittfhannel at=-1 hartree is associated with thel 8ore state.
and qualifies earlier observations that the GGA corrections to ) ) ) ) )
bonding properties in solids arise mainly from the immediatePSeudopotentials derived from density-functional theory in
vicinity of the ions rather than from the interstitial regiotis. €xact methods like, e.g., QMC simulations as well in order to
Likewise it is supported by the fact that the GGA XC poten-facilitate a quantitative assessment of approximate XC
tial of atoms like the exact XC potential is superimposedschemes like the GGA.
with a peaked structure which acts repulsively at shell
boundaries compared to the LDA XC potenflalinterest- APPENDIX
ingly, our findings suggest that inadequacies in the descrip-
tion of core-valence XC are an important aspect of deficien- In this appendix we present some tests on the transferabil-
cies in the description of chemical bonds within either theity of our GGA pseudopotentials compared to the LDA ones.
LDA or GGA. These serve further to corroborate that GGA and LDA
In concluding, we note that a conceptual parallel of thepseudopotentials show a similar inherent transferability but
(“inconsistent”) combination of LDA pseudopotentials with exhibit significant differences due to CV XC, as discussed in
the GGA XC is encountered in wave-function-based many-Sec. Il. As is rather well established transferable pseudopo-
body methods such as quantum Monte CaffQMC) tentials should closely preserve the following) The all-
simulations®® In applications the QMC method has been electron atomic scattering properties as given by the logarith-
mostly combined with pseudopotentials derived from effec-mic derivatives at some radius outside the core region over
tive one-particle schemé&8 Thereby the interactions among the range of valence energies relevant to chemical bonding,
the valence electrons are described exactly, whereas the efay up to+1 hartree about the reference energi@s.The
fects of the core electrons are dealt with in an approximatell-electron atomic hardne§$%i.e., reproduces total energy
manner, say, on the level of the LDA. In principle, suchand eigenvalues for excited atomic configurations, to within
QMC calculations provide an exact reference against whiclthe accuracy of the the underlying frozen-core approxima-
we could check the performance of approximate XC schemetion.
like the GGA for the valence electrons alone. Indeed a sur- In Fig. 4 we show the logarithmic derivatives evaluated
vey of the literature indicates that cohesive energies for diawith screened pseudopotentigls. Eq. (5)], taking germa-
mond, Si®*%? and G&® obtained with QMC and LDA nium as an example. Good agreement with the respective
pseudopotentials are in significantly closer agreement witlall-electron logarithmic derivatives, to be expected from the
experimental figures than are our GGA results using LDAnorm-conservation constraints, is confirmed for both LDA as
pseudopotentials. At least for these cases this raises the quegell as GGA pseudopotentials in the semilocal and also in
tion whether the GGA affords a better description of XC the Kleinman-Bylander representation. For the latter we have
amongall electrons, then vyielding highly accurate binding additionally verified the absence of ghost states following
energies, than of XC among the valence electrons alone. ORef. 66.
the other hand, one is well aware that the use of LDA We have applied criterio2), employing excited neutral
pseudopotentials in QMC simulations introduces some unand (positively) ionized configuations of the spherical iso-
certainty in the QMC values for the cohesive energylated atom. In the case of Ge, e.g., examining ss-4ip
themselve§%®3 quite analogous to the “portability errors” electron transfer to mimic orbital hybridization upon bond
we found in GGA calculations using LDA pseudopotentialsformation, and the first ionization potential. In Fig. 5 we plot
to be of the order of up to some tenths of an eV. On this levethe error of the excitation energies for consistent calculations
of accuracy it is then clearly desirable to obtain accuratevithin the LDA and GGA with respect to all-electron calcu-
estimates of the systematic uncertainties related to the use Bftions.
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FIG. 5. Deviations in the excitation energies of the germanium L .
pseudoatom compared to all-electron results, calculated from total- FIG. 6. Deylatlons of the level spacing of the 4nd 4p states -
energy differences with respect to the ground-state configuratiorP! € gérmanium atom with respect to all-electron results. See Fig.
The left panel corresponds to the consistent approach using th for @ legend. The level spacing 8 eV for the ground-state
same XC scheme throughout. The right panel refers to the incongonflguratlon, and varies by 0.8 eV.
sistent approach, using the LDA pseudopotential, but the GGA for
the XC energy. Solid symbo|s stand for LDA, open Symbo|s for PW In particular, excitation energies are overestimated com-
GGA values. Squares{) correspond to calculations within linear- pared to full GGA calculations, suggesting that the pseudo-
ized CV XC, and triangles4) to those within nonlinear CV XC. potentials in the LDA are more attractive than in the GGA,
Results obtained within the frozen-core approximation are showrin accordance with our findings in Secs. Il and IV. Employ-
for comparison, and marked by circle®]). Lines are meant as ing LDA pseudopotentials together with nonlinear CV XC,
guide to the eyes. Note that the underlying excitation energies reaclve obtain agreement with the GGA frozen-core calculation
up to~8 eV. however. Considering the eigenvalues we have observed an

analogous pattern. This is illustrated in Fig. 6 for the devia-

For linearized CV XC we find the ensuing errors to be oftion of the level spacing,,— & 45 With respect to all-electron
the same magnitude, albeit of opposite sign to those in aalculations within the LDA and GGA. Again, a large error
frozen-core calculation, where only the all-electron valencenccurs in case of the inconsistent GGA calulation using LDA
states are allowed to adjust self-consistently but the corpseudopotentials and linearized CV XC, while the consistent
charge density is kept fixed like that in the atomic groundapproach is accurate, errors being of the order of a few ten
state. For nonlinear CV XC the errors of the pseudopotentiaineVV compared to changes in the level spacing of about 0.8
calculation approach those of the frozen-core calculationeV.
Thus we conclude that the pseudopotential related errors are In summary these tests affirm our conclusion reached for
indeed comparably small, absolutely and relatively, as thosthe bulk systems: Within the GGA and LDA the respective
due to neglect of core relaxation, the excitation energy fopseudopotentials possess similar transferability, errors due to
the transfer (42,4p%) — (4s',4p®) being about 8 eV. Carry- the usual linearization of CV XC being small; LDA pseudo-
ing out the tests in inconsistent manner—using GGA XC andgotentials are adequate in GGA calculatidasd vice verspa
LDA pseudopotentials with linearized CV XC—leads to only if CV XC, acting more repulsively in the GGA com-
large devations. pared to the LDA, is incorporated explicitly.
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