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Optical properties of semiconductors using projector-augmented waves

B. Adolph} J. Furthmiler, and F. Bechstedt
Institut fir Festkapertheorie und Theoretische Optik, Friedrich-Schiller-Univeisifa-07743 Jena, Germany
(Received 20 September 2000; published 12 March 001

The frozen-core projector-augmented waRP&W) method is applied to construct all-electron valence wave
functions from non-norm-conserving pseudo wave functions and atomic functions. The use of all-electron
wave functions possesses the advantage that no nonlocal contributions to the optical transition operator have to
be taken into account. In addition, the more accurate description of the wave functions in the core region
improves the quality of the calculated spectra compared to those obtained from a pseudopotential approach.
We demonstrate the accuracy of the PAW approach by comparing optical spectra of several semiconductors
with those obtained employing a full all-electron method or norm-conserving pseudopotentials.
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. INTRODUCTION augmented wavéPAW) method'® Recently, a formal rela-
tionship has been demonstrated between the Vanderbilt-type
Recent progress in computational methods makes it podJS PP and the frozen-core PAW methddrhe frozen-core
sible to calculate optical spectra of semiconductors from firsPAW method turns out to be as powerful as the US PP
principles. Very recently, such first-principles calculationsmethod since it is also restricted to a variational treatment of
have even been performed including simultaneously quasihe valence states only. The basic variational quantities are
particle effects and electron-hole interaction.Despite the —again non-norm-conserving pseudo wave functions. The ma-
inclusion of many-body interactions, the starting point of alljor difference between the PAW and US PP methods con-
these calculations is a single-particle electronic structurgerns only the augmentation of the charges or wave functions
based on density-functional thedi®FT) in the local-density  inside the core region.
approximatiofi” (LDA) and ab initio norm-conserving In the present paper we demonstrate the accuracy of the
pseudopotentiaf’. PAW approach for the calculation of optical spectra. Explic-
The description of the electron-ion interaction by meanstly, we select a set of six semiconductddiamond, Si, cu-
of pseudopotentialé®P’9 has the advantage of reducing the bic SiC, AIP, GaAs, and InStwith widely different bonding
all-electron(AE) problem to the treatment of a few valence properties. The PAW results are compared with those ob-
electrons. The core electrons, which usually do not play dained using a full AE method and a norm-conserving PP
role in the optical properties for not too large photon ener-approach.
gies, can be frozen into the cores of the atoms. The disad-
vantage of using PP’s in the calculation of optical properties
is the spatial nonlocality of these potentials. Within the Cou-
lomb gauge of the electromagnetic field the optical transition Within the PP approach the calculation of optical transi-
operator is related to the velocity operatoof the electrons. tion matrix elements, at least in the commonly used Cou-
It may be related to the momentum operagorby v lomb gauge of the electromagnetic field, is accompanied by
=(1/m)p+(i/2)[Vn ,X]. However, an extra term appears, two difficulties and, hence, sources of errofi$.Instead of
proportional to the commutator of the space coordixeded  the local momentum operator, the nonlocal velocity operator
the nonlocal contributionV, to the single-particle has to be usedii) The pseudo wave functions are smoother
potential®*® Typical sources of such nonlocal contributions around the atomic cores in order to minimize the number of
are nonlocal PP'$>~230or (screenejlexchange interactiod.  basis functions, while the actual wave functions possess
Another problem in the calculation of optical transition nodes in the core region. The use of AE wave functions has
matrix elements is the inadequate description of the core rehe advantage that they are formally derived from a local AE
gion due to the use of pseudowave functiGhghis problem  potential. Therefore, the velocity operator used in the trans-
becomes even more complicated when lifting the normverse gauge can be expressed by the momentum operator
conservation condition and using non-norm-conserving ultraenly. This is a significant simplification compared to the PP
soft (US) PP’s of the Vanderbilt typ&1On the other hand, method. Augmentation of pseudo wave functions by AE
US PP’s allow the treatment of several hundreds of atoms iave functions as a tool for simplifying the calculation of
a unit cell, in particular for first-row element5.However, the optical matrix elements and for fixing the errors intro-
the crucial step is to augment the pseudo wave functionduced inside the pseudocore region due to the improper
used in the core region in a physically reasonable way. As aodal structure of the pseudo wave functions was already
possible approach the inclusion of a core-repair term emsuggested by Kageshima and Shirafstih our approach we
ploying a reconstruction of AE valence wave functionsgo a further step beyond by starting from a proffenzen-
within the US PP approach has been proposed in a recenbre AE approach from the very beginning. This has the
papert3 A more consistent approach using AE valence waveadvantage that all ground state properties are treated on the
functions from the very beginning is the projector- same consistent footing, not only a certain special aspect.

Il. METHODS
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The starting point is an implementation of the PAW -
method® in an existing plane-wave code supporting non- > ) (pil=1. (6)
norm-conserving Vanderbilt-type US PP%the Viennaab '
initio simulation packaggvasp).?%?! On the basis of the In all explicit numerical calculations E@6) is fulfilled only
corresponding PAW-derived AE wave functions an imple-approximately. However, the assumption that the projector
mentation of the optical matrix elements is donevasp. In basis is complete is one of the basic footings of the PAW
the PAW approach AE wave functiorf¥,) are derived method. It is analogous to the assumption made in the lin-
transformatioh®1? functions inside the muffin-tin spheres is sufficiently
complete?®2*The completeness of the projector basis can be
- o controlled by the number of reference energies included in
(W) =T+ (i) di))(Pil Tn). (1) the projector basis. Sufficient completeness of the projector
' basis within the range of band energies of interest is always
achieved by use of two reference energies, i.e., two projector
functions peim channel. In our current implementation we
limit the basis set to angular momentum quantum numbers
<2, i.e., a proper augmentation gfp, andd functions is
~ ) ) . taken into account. Highdrquantum numbers are taken into
and ;). Both partial waves are obtained from a certainzccount by a local PP, i.e., by pseudowave functions only.
atomic reference cqnflguratlon. As in the case of the PP The optical spectra resulting from DFT-LDA electronic
method the AE partial wavelsh;) and the PS partial waves gy cture calculations using the PAW approach are compared
|#;) are identical outside a core radius and match ar;,  with those calculated within two other approaches. First, in
being two times continuously differentiable. The PS partialorder to demonstrate the AE aspect of the PAW method, we
waves are usually non-norm-conserving as in Vanderbilt'salso present results based on the self-consistent full-potential
US PP scheme. Moreover, in contrast to PP schemes, thdinearized augmented plane-wau&LAPW) method?>2
are even allowed to possess nodes. However, nodeless ABe codewlEN97 is used for explicit computations. Second,
partial waves are usually preferred since they are muclve compare the AE results with those of electronic structure
smoother. As in the US PP implementation a slightly modi-calculations employing norm-conserving PB'&xplicitly,
fied  Rappe-Rabe-Kaxiras-Joannopoulos  pseudoizatiothe DFT-LDA codé’ FHi93cpis used. Two different methods
schemé&-# is used for the construction of the atomic PS of obtaining the optical matrix elements are possible. In the

partial waves. As in the case of US PP’s the projeciprs  framework of the Coulomb gaug®/yy=(¥y|V|¥y) can

The PS wave function|§ff,\,> are the only variational quan-
tities. The indexi is a shorthand for the atomic sii, the
angular momentum quantum numbéns, and the reference
energies at which we construct the atomic partial wavgs

introduced in Eq(1) are dual to the PS partial waves be calculated using pseudowave functigiiy. We call this
o approach the transversal PP approach. However, one can also
(pily) =3y - (20 employ the longitudinal length gauge of the electromagnetic

field where the optical transition operator is given b
Also on the analogy of US PP’s the PS wave functions fulfill P P g y

generalized orthonormality constraitits q m 1.
q Pnm= (8N_8M)Z”m < W[ e
(TISIT )= uwm 3 e
with the single-particle energies, . We call this approxima-
tion the longitudinal pseudopotentidlPP) approach. Both
gauges give supposedly identical restftZherefore, we can
§:1+2 |Bi>(<¢i|¢j>_<a’i|3’j>)<5j|- (4 restrict the computations to the use of one gauge. Since the
] explicit calculation of the full velocity operator matrix ele-
~ ments is quite cumbersome due to nonlocal contributions to
The calculation of the matrix elemergy=(¥n|p|¥y) of  the pseudopotentials, we avoid the Coulomb gauge. Thus, all
the momentum operatqris straightforward using the ansatz PP results presented in this paper refer to the LPP approach.
Eq. (1) for the AE wave functiof¥,). One ends up with a Details of the treatment can be found in Ref. 10. The three
formula that is formally identical to that given by Kageshima different electronic structure calculations have been carried
and Shiraishi® out at the corresponding theoretical lattice constants, which
are given in Table I. Additionally, Table | shows the cutoff
energies for the plane-wave expansion for all materials and

@M> @)

with the overlap operator

pNM:<{pN|6|{PM>+Z (WP ( pilpl b)) the different approaches. The tetrahedron method is applied
! to a Brillouin zone(BZ) integration employing 25& points
_<:ﬁi|6|7ﬁj>)<5j|{pM>- (5)  intheirreducible part of the BZ. The results are widely con-

verged with respect to the number of conduction bands. For
In order to obtain this equation one has to use the completeall calculations 100 conduction bands have been taken into
ness relation of the projector functions inside the augmentaaccount. All transition energies are taken in DFT-LDA qual-
tion spherg? ity. No quasiparticle corrections are considered. The calcula-
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TABLE |. Lattice constantsa (in A) and plane-wave cutoff Ill. RESULTS
energiesE.,; (in Ry) used within the three different methods .
FLAPW, PAW, and PP. The PAW values for GaAs and InSb given First we compare results of the frozen-core PAW method
in parentheses refer to calculations treating the shafloare elec-  With those obtained within the full all-electron FLAPW ap-
trons explicitly as valence electrons. Within the FLAPW approachproach. In Figs. 1 and 2, linear optical absorption spectra and
different cutoff energies are used for the different atoms of a comjoint densities of state€DOS’y are shown for the six cubic

pound. semiconductors Si, SiC, C, AIP, GaAs, and InSbh. The agree-
ment of the JDOS'’s is almost perfect for the materials with
Method ~ Si SiIC  C InSb GaAs AP rather strongly localized core orbitalSi, SiC, C, and Al

a Here, calculations performed within both approaches using

FLAPW 541 433 353 6.49 561 5.44 the same lattice constant obviously lead to iden_tical elec-
PAW 541 433 354 6.306.46 559(5.6) 5.44 tronic sFructures. The same e>.<cellent agreemept is found on
PP 543 429 357 6.28 557 5.44 Comparing the optical absorption spectra for Si, SiC, C, and
AIP. The line shapes and peak intensities are identical. The

Ecut very narrow peaks in the Si and SiC PAW spectra, which do

FLAPW 13 18/28 38 15/18 15/16 ~ 15/16 not occur in the FLAPW spectra, are due to a higher energy
PAW 18 44 44 2549 25(50) 25 resolution. This means that the construction of AE wave
PP 15 34 42 15 15 15 functions using the frozen-core PAW method describes the

true AE wave functions to a very high degree.

For the systems GaAs and InSb possessing more extended
shallow cored orbitals we find a reduced agreemécit Fig.
2) for the JDOS's as well as for the dielectric function. Dif-

. .. feren in th ical ra regard mostly the energeti
Moreover, in the PAW case we have performed two dif- erences in the optical spectra regard mostly the energetic

; positions of the main peaks as well as their intensities,
ferent calculations for the 1ll-V: compounds GaAs and InSbWhereas the overall line shapes are quite similar. As can be

possessing shallow core electrons. The electrons can be  geen from the JDOS spectra in Fig. 2 these differences al-
frozen into the core or they can be explicitly treated as vajeady appear in the electronic structures obtained within the
lence electrons. Whereas the first case reflects more the cofyyo different approaches. For InSb they might be explained
mon situation in PP calculations, the latter reflects Moreyy the slightly different lattice constantahich is indicated
closely the situation of full AE calculations. Therefore we py the variation of the PAW spectra with and withodit

tions are performed within the independent-particle
approximationt® Hence, electron-hole interaction and local-
field effects are not taken into account.

considered both possibilities. electrons. On the other hand, this explanation does not hold
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for GaAs. An additional reason could be the frozen-core apindicate that even the explicit treatment of the shalldw
proximation employed in the PAW approach. The crucialstates is not yet sufficient. However, we want to mention
point is that the worse energetic and spatial separation behat, within the two approaches FLAPW and PAW, a lot of
tween core and valence states makes the frozen-core approgdditional calculational parameters have to be considered as
mation more critical. Some of the problems associated wittpotential sources of error and have to be adjusted quite care-
the frozen core may be solved by treating some of the shakully to obtain well-converged results, especially for materi-
low core states explicitly as valence states. However, it isls with rather extended core orbitalke the shallowd
often questionable which core states one has to considestates of GaAs and In$bt cannot be excluded that an even
Inclusion, for example, of thel core states only might al- better adjustment of those parameters might eventually lead
ready be sufficient but in some cases even the correspondirig significantly better agreement between the two ap-
sandp core states can still play a crucial role. Hence, inclu-proaches. Besides the possible inclusion of even more core
sion of a limited subset of core states only may still provokestates in the PAW method, this may concern plane-wave
discrepancies with respect to a full AE approach such as theutoffs usedin particular in the FLAPW approach, cf. Table
FLAPW method. I), the choice of reference energies and pseudoization radii
Taking the shallowd electrons into account explicitly as for the construction of the PAW partial waves, or the treat-
valence electronginstead of putting them into the cgre ment of the shallow core states in the FLAPW methods,
slightly improves the overall agreement between PAW andvhich may become rather critical if the extension of the core
FLAPW optical spectra. Energetic positions and intensitieorbitals exceeds the muffin-tin radius. Therefore, further
of the main peaks within the two approaches agree bettewyork has to be done in order to understand the remaining
particularly for theE1l peak and the low-energy tail of the discrepancies in more detail.
spectra. This is observed for the dielectric function as well as The electronic dielectric constant, provides a good
for the joint density of states and seems to be reasonable, foneasure for the overall oscillator strengths, when it is calcu-
the shallowd electrons are expected to influence mainly low-lated using the screening sum rul8<orresponding results
lying transitions. This also agrees with the effect that in theare given in Table Il. There, in the cases of GaAs and InSb
InSb case differences between the PAW results with andote to the PAW values of the dielectric constant given in
without d electrons become smaller and eventually vanistparentheses, which correspond to calculations that explicitly
for increasing transition energies. Thus, even though théclude the shallowd core states as valence states. These
equilibrium lattice constants for the two calculations arecalculations should reflect a true AE calculation much more
somewhat different, the main effect on the optical spectralosely than calculations freezing tltk electrons into the
seems to be due to the treatment of the shatlawre states. core. The main effect of the electrons is to change the
In any case, slight discrepancies still remain with respect to #attice constant slightly, resulting in a decrease of the funda-
full AE approach such as the FLAPW method. This mightmental gap. In the case of InSb one even ends up with semi-
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TABLE II. Dielectric constants., calculated within the three pared to the PAW method. Nevertheless, since the agreement
different methods FLAPW, PAW, and PP. The PAW values foris still reasonable, we conclude that our AE approach to the
GaAs and InSb given in parentheses refer to calculations treating,ave functions in the framework of the PAW method gives
the shallowd core electrons explicitly as valence electrons. very reliable results. Linear optical properties of the valence
electrons using PAW wave functions can therefore be con-

Method Si SiC C InSb GaAs AlIP . .

sidered as representing true AE spectra.
FLAPW 136 7.2 59 20.0 12.7 9.0 In Figs. 3 and 4 we compare the PAW-derived AE spectra
PAW 138 7.1 59 17.321.0 13.5(14.4 8.9 described with spectra calculated with norm-conserving
PP 135 7.4 6.2 13.9 11.9 8.7 pseudo wave functions and in longitudinal gauge of the elec-

tromagnetic field for all six semiconductors. Both the imagi-
nary part of the dielectric function and the JDOS are plotted.
metallic behavior. The decrease of the fundamental gap upofigain, the JDOS shows the very good agreement of the elec-
inclusion of thed electrons mainly influences the low-energy tronic structures of the six semiconductors considered calcu-
tail of the PAW spectra in Fig. 2. This change of the low- lated within the two different approaches. The small differ-
energy tail causes most of the observed changes of the dences in the JDOS are mainly a consequence of the different
electric constants. In addition, for InSb the strength of thetheoretical lattice constants due to the different calculational
main peak is also somewhat reduced whereas in the case s¢themes used. The absorption spectra also show very good
GaAs the changes in the spectra are almost negligible faagreement for almost all materials. Apart from significant
transition energies larger than 3 gwhich the change in differences in the low-energy region of the spectra for GaAs
lattice constant s The dielectric constants within both ap- and InSb, the line shapes of all spectra are rather independent
proaches show very good overall agreement, particularly foof the electronic structure method used in the calculation.
the less critical systems C, SiC, Si, and AIP. Even for InSbWe find very small differences in the peak intensities due to
the agreement is rather good if we compare with the PAWslightly different transition matrix elements. The stronger
result including thel electrons as valence electrons and if wedifference for the peak at 4.5 eV in the Si spectrum is again
take into account that the semimetallic character of InSb irdue to different energy resolutions of the spectra. The small
the AE DFT-LDA treatment gives rise to rather unphysicaldeviations in the peak positions can be explained by the
and numerically critical low-energy tails in the spectra. Onlysmall differences in the lattice constants. The observed over-
for GaAs does the observed discrepancy become slightlgll agreement in the frequency dependence of the dielectric
worse after inclusion of the electrons. The difference is functions calculated within the PP and PAW methods indi-
traced back to the lower peak intensities in the FLAPW speceates that the exact shape of the wave functions in the core
tra for GaAs, leading to a smaller dielectric constant com+egions does not play an important role in the linear optical
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properties for materials with rather localized core orbitalsreflects the orthonormality constraints of the atomic wave
such as Si, SiC, C, and AlP. functions. Due to the much weaker localization of the shal-
The situation is different for the IlI-V compounds GaAs low core states in GaAs and InSh, one would expect that the
and InSb, which include elements with shalldwore states. volume fraction of the improperly described pseudocore re-
For this class of materials, the PP approach should generallyion becomes significantly larger than for systems with very
suffer more seriously from the improper nodal structure oflocalized core states as C, SiC, Si, and AlIP. Consequently,
the valence wave functions in the core region than for matethe more extended core region in the case of GaAs and InSb
rials possessing very localized core states that are well sepahould provoke larger errors compared to the other materials.
rated from the valence states. Due to the stronger core- The main difference in the optical spectra concerns the
valence overlap in GaAs and InSb the PS wave functionsinderestimation of th&, andE; transitions(for nomencla-
already deviate strongly from the AE wave functions in theture of the optical transitions see, e.g., Ref) @88ing the PP
region where they not only still do overlap but also interactmethod. This discrepancy already occurs, to a smaller extent,
significantly with the shallow core orbitals. The expectedin the JDOS spectra. However, we observe as well an effect
consequence is an insufficient description of the core-valencef underestimating the matrix elements of the lowest optical
interactions and, hence, of the valence states themselvesansitions close to the BZ center. As we demonstrate in
Even treatment of the shallow core states as valence stat@able Ill, the matrix elements in the PAW approach are
does not improve this situation in a satisfying manner. Inclearly larger than the PP ones for the low-energy transitions
addition to this general problem, which already occurs inE,, whereas for energetically higher transitions both ap-
total-energy calculations, i.e., the calculation of equilibriumproaches lead to nearly identical matrix elements. Moreover,
lattice constants, cohesive energies, or single-particle banfdr GaAs Kageshima and Shiraishicalculated matrix ele-
structures, the calculation of optical matrix elements alsanents of 0.30E,), 0.34(E,), and 0.23E,) (#/ag)? which
suffers from another problem. The error introduced by theagree well with the PAW values in Table I, confirming the
improper description of the nodal structure of the wave funcdiscrepancies found with respect to the PP results. Hence, the
tions is most probably increasing with increasing volumedifferences in the low-energy regions of the spectra are ob-
fraction of the pseudocore region where the PS wave funcviously related to the different quality of the treatment of the
tions deviate significantly from the AE ones. Since one iscore part of the valence wave functions. This is also sup-
forced to pseudoize the AE wave functions outside the outported by the fact that treating the shallovstates explicitly
ermost node this volume fraction is directly determined byas valence states leads to even stronger differences between
the position of this node. However, this position is approxi-the PAW and PP resultef. Fig. 4 but can by no means be
mately determined by the position of the maximum of theconsidered the only reason for the discrepancies observed.
energetically highest core state and hence is related to the Table Il gives a comparison of the electronic dielectric
extension of this core state. This is a general rule, whicttonstante., for the PAW method and the PP approach as
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TABLE Ill. Square of momentum matrix elements in atomic unit$a)? (first valug and DFT-LDA
transition energy in e\(second valugefor important optical transitions in the materials under consideration.
The electronic structure calculation method is characterized by the wave functions used. The PAW values for
GaAs and InSb in parentheses refer to calculations includingl tee electrons as valence electrons.

Method Eq E; = E, =
Si
PAW 0.14 2.54 0.35 2.68 0.32 3.31 0.26 3.50 0.21 453
PW 0.14 2.54 0.33 2.68 0.28 3.29 0.25 3.46 0.21 4.49
SiC
PAW 0.27 6.54 0.40 6.65 0.21 7.33 0.31 4,57 0.30 8.30
PW 0.27 6.80 0.37 6.75 0.21 7.48 0.28 4.46 0.30 8.28
C
PAW 0.29 5.64 0.42 11.36 0.27 14.26 0.57 11.28 0.52 12.31
PW 0.27 5.53 0.39 11.23 0.26 13.93 0.54 11.12 0.51 12.08
InSb
PAW 0.31 0.24 0.32 1.68 0.14 3.09 0.21 3.46 0.21 4.84
(0289 (-0.355 (030 (146 (0.1 (297 (0.22 (356 (0.23 (4.89
PW 0.12 0.71 0.28 1.86 0.16 3.15 0.23 3.45 0.24 4.83
GaAs
PAW 0.33 0.66 0.37 2.18 0.17 3.79 0.25 4.05 0.25 5.82
(0.32 (0.48 (0.3 (2.13 (0.1 (3.79 (0.26¢9 (4.1 (0.26 (5.8H
PW 0.17 1.26 0.33 2.46 0.17 3.80 0.26 4.05 0.26 5.75
AIP
PAW 0.28 3.19 0.32 3.49 0.15 451 0.21 3.60 0.21 5.54
PW 0.23 3.26 0.28 3.54 0.14 454 0.19 3.59 0.20 5.53

well. The relationships of the values calculated within thelnSb, possessing extended shalldwore orbitals, the agree-
PAW and PP methods confirm the above discussion of thenent found is reduced but still quite reasonable. This holds
absorption spectra. We observe again good agreement of tifier spectra as well as for dielectric constants. The differences
PAW and PP results for Si, SiC, C, and AIP. The PAW occurring may be due to the fact that a sufficiently well con-
values for GaAs and InSh are underestimated by the P®erged description of particularly the extendgdore orbit-
method, which reflects the underestimation of the low-@ls is a difficult task to achieve within the different numerical
energy tail of the spectra. However, we find rather good®PProaches. However, the PAW approach can reasonably be

overall agreement of the results obtained using differenfOnsidered a quasi-all-electron method. _
methods. For all materials under consideration the absorption spec-

tra have also been compared with spectra calculated by
means of a common pseudopotential-plane-wave method.

IV. SUMMARY For systems with more localized core states such as C, Si,
The dielectric functions of the group-IV and 111-V semi- SiC, and AIP, we have shown that the different treatment of

conductors Si, SiC, C, InSh, GaAs, and AIP have been Ca|t_he wave functions in the core region has a minor influence

culated by means of thédrozen-core all-electron projector- " the linear optical properties. Thus, for these materials a
augmented wave method, which possesses a clo andard PP calculation using norm-conserving PP’s can be

relationship to Vanderbilt's non-norm-conserving US PP. Bycon5|dered sufficient for linear optics. For systems with more
using the PAW method it becomes possible to calculat xtended shal_lovd core _orb|tal_s like GaAs and InSb’. the
physical properties involving wave functions very accu- AW method improves in .part|cu|ar the underes.t|mat|on o
rately, despite the fact that the underlying variational quan:[he Eo and E, peaks within a PP treatment using norm-
tities remain non-norm-conserving pseudowave function conserving PPs.
which are just augmented in a different way.

Comparing our results with those obtained within the
FLAPW method, we found that the PAW treatment of the We thank O. Pulci, J. E. Sipe, A. Shkrebtii, and U.
optical transition matrix elements reproduces linear opticaBirkenheuer for useful discussions. This work was finan-
properties from a full all-electron method very well for ma- cially supported by the Deutsche Forschungsgemeinschaft
terials with rather localized core electrons. For GaAs andSFB 196, Project Nos. A8 and Be 1346/10-1
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