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We report the construction of pseudopotentials that incorporate self-interaction corrections and electronic
relaxation in an approximate but very efficient, physically well-founded, and mathematically well-defined way.
These potentials are particularly useful for 1I-VI compounds which are distinguished by their highly localized
and strongly bound cationic semicaleslectrons. Self-interaction corrections to the local-density approxima-
tion (LDA) of density-functional theory are accounted for in the solids to a significant degree by constructing
appropriate self-interaction-correct€8IC) pseudopotentials that taletomic SIC contributions into account.

In this way translational symmetry of the Hamiltonian is preserved. Without increasing the complexity of the
numerical calculations we approximately account, in addition, for electronic relaxation in the solids by incor-
porating into our pseudopotentials relevant relaxation in the invoiteths By this construction we arrive at

very useful self-interaction and relaxation-corrected pseudopotentials and effective one-particle Hamiltonians
which constitute the basis faab initio LDA calculations yielding significant improvements in electronic
properties of 11-VI compound semiconductors and their surfaces. The procedure is computationally not more
involved than any standard LDA calculation and, nevertheless, overcomes to a large extent the well-known
shortcomings of “state of the art” LDA calculations employing standard pseudopotentials. Our results for
electronic and structural properties of 1lI-VI compounds agree with a whole body of experimental data.
[S0163-182696)02832-9

I. INTRODUCTION semiconductors, thel-electron bands have been found in
many LDA calculation$?to occur some 3 eV too high in
Most current electronic structure calculations treat sysenergy as compared to experiméfitt’ In consequence,
tems of many interacting electrons within the density-their interactions with the aniop valence bands are artifi-
functional theory(DFT) of Hohenberg, Kohn, and Sharh  cially enlarged, falsifying the dispersions and bandwidth of
by employing the local-density approximatiQhDA) or the  the latter and shifting them inappropriately close to the con-
local spin densityLSD) approximation, respectively. Due to duction bands. As a result, the LDA band-gap underestimate
its formal and computational simplicity, as well as its very is even significantly more pronounced for II-VI compounds
impressive successes in describing ground-state properties ®¥fan for elemental or 111-V semiconductors.
many-electron systems, DFT-LDA has become the dominant Since electronic and structural properties of Il-VI com-
approach for calculating structural and electronic propertiepound semiconductors, their surfaces and interfaces, are cur-
of bulk semiconductors and their surfaces. For semicondugently moving into the focus of interest because of their para-
tors the approach is now most often applied in conjunctiormount technological potential in optoelectronics and
with “state of the art” nonlocal, norm-conserving pseudopo- catalysis, one would like to have a more accurate theoretical
tentials. Although the eigenvalues of the Kohn-Sham equaapproach for their treatment available. A reliable description
tions as formal Lagrangian multipliers do not have a direclof valence- and conduction-band states, in particular, near
physical meaning, except for the highest occupiecthe gap energy region, is mandatory for meaningful calcula-
eigenvalue’” their interpretation as electronic excitation en- tions of defect properties in 11-VI bulk semiconductors,
ergies has led to remarkable results in band-structure theokyand-edge properties in ternary or quaternary Il-Vl com-
of solids. Nevertheless, calculated electronic properties repounds, and electronic properties of 11-VI compound semi-
sulting from such LDA calculations show a number of sys-conductor surfaces and interfaces. Strongly mispladed
tematic shortcomings. The most apparent deficiency in manjgands significantly influence the anipnvalence bands and
semiconductors and insulators is the underestimate of bantle gap energy. Therefore very accurate calculations for the
gaps by typically 50% or more. This shortcoming is evensystems mentioned above by a straightforward application of
more severe in II-VlI compound semiconductors. We find,standard pseudopotential LDA cannot be achieved. Of
e.g., a LDA band gaE‘gh of only 0.23 eV for ZnO(Ref. 5 as  course, one could study such systems using quasiparticle
opposed to the experimental value E);Xpt=3.44 eV. This  band-structure calculatiofs§22 including semicored elec-
unusually large underestimate of the gap energy is intimatelfrons explicitly within theGW approximation. Such calcula-
related to another very severe shortcoming of standard LDAions have very recently been shown to be feasible, indeed,
calculations. They also fail to accurately describe stronglyfor cubic bulk CdS(Ref. 2]) and ZnSgRef. 22 but they are
localized semicoral states and underestimate their bindingvery involved already for bulk crystals and forbiddingly in-
energies. This is partially due to unphysical self-interactionssolved for 1I-VI semiconductor surfaces or interfaces.
and to the neglect of electronic relaxation contained in any From the work of Perdew and Zungéon free atoms and
standard LDA calculation. Especially in the case of II-VI ions it is well known that self-interactions, being most pro-
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nounced for tightly bound and highly localized states, giveinteractions in the atoms in exactly the same way as de-
rise to significant misplacements of respective energy levelsscribed by Perdew and Zunger in their original SIC
Self-interaction correctionSIC) including orbital relaxation publication?® In addition, we take electronic relaxation in the
can easily be incorporat&tiin electronic structure calcula- atoms into consideration by referring to atoniSCF re-
tions for atoms within LDA or its spin-polarized variant, the sults. Once our pseudopotentials are generated, they can be
LSD approximation. But even SIC-LSD calculations fail to transferred to solids in an appropriate and well-defined way
yield exact binding energies of all atomic states because the§d can be employed in a standard LDA code. Our approach
do not fully take into accounelectronic relaxation. Very IS capable of overcoming the above-mentioned LDA prob-

accurate atomic binding energies can be obtained, howevére,ms and is, nevertheless, computationally not more involved
within the so-called delta self-consistent fielASCH than any current “state of the art” LDA calculation. The

approactt? ASCF binding energies are derived from well- elect:jonlct ar:_dl structural g_ropertles calcultate_ctzlh W'tr? (:urf
defined total-energgifferencecalculations for ground states pseudopotentials are in gratifying agreement with a host o

of neutral and ionized atoms, avoiding to a great extent prongﬁ)er'zmemal, datalonslllévll)gompoundﬁ.f t dB
lems originating from the neglect of electronic relaxation as, N £ungers early T " approach for atoms and 1ons

contained in standard LDA calculations. But for solids suchSIC corrections for the valence_electrons Ward Incorpo-
ASCF calculations are not practicable to date. rated in the SIC pseudopotential but they were explicitly

If the SIC formalism is extended to solids, it gives rise totaken into_account. For atoms and ions this can be done

orbital-dependent effective potentials which no longer havéNIthOUt my pr?gtpal prtol?[lem?].thut tk(]je egtinsmtn f[)r: trt])at ¢
the translational invariance of the original Bravais lattice, @PProach 10 Solds 1S not straigntiorward and has, to the bes
of our knowledge, not been reported to date. Rieger and

Extended Bloch orbitals lead to nearly homogeneous one-, ~ 5, . ;
particle densities and to vanishing SIC contributions. Approe-vOgl have generated SIC pseudopotentials by fully taking

priately localized wave functions, on the contrary, can yieldInto account_ th? S|C-induced _change of the Gk Qre-
strong SIC contributions within full SIC-LSD calculations. charge density in the construction. The effect of the related
To avoid the practical problems involved in SIC-LSD calcu- corrections on the pseudopotential is noticeable. It leads to

lations for solids, the method has been applied previously "i]mproved gap energies at the I', andX points of the Bril-

simplified forms (see, e.g., Ref. 25, and the referencesloum zone of Ge. The SIC-induced shifts of the lowest con-

therein. More recently, self-consistent SIC-LSD calculationstUCtIon b?ndt_wereffounddto bte nt(_)r}rlg|d ;h?detrl)endqfe;nt. ¢
have been reported, e.g., for bulk transition metals, High- ur ctﬁns fuction o hpseu Op?l in |ahs IS 'Isclin(t: };blleren
superconductors, Ce compounds, and transition-metal oxidd@™M those approaches, as will be shown in detail below.

by Svane and Gunnarsé®.?® Szotek, Temmermann, and __ ' @ recent publication, Zhang, Wei, and Zurigdrave .
Winter2%-3tand Arai and Fujiward! respectively. The work presented a broken-symmetry approach to the core hole in

of these authors has clearly shown that SIC shifts occupied “'-tvl' seml_corgr(]juctors Il'r:j orqrehr t_o bettlizr_debscndg)and SEIX:[ ,
states significantly down in energy also in solids. In conse—ff' ations in eie solids. Their work 1S based on Slaters
quence, it would be highly desirable to carry out full SIC- “transition-state concepf and refers tAASCF calculations
LDA calculations for I1-VI semiconductors. We have inves- " large supgrcells. For Zn—pased .“B'VI semlgonductors the
tigated the feasibility of such calculations for wurtzite authors obtaird-band energies which agree with the experi-

crystals which have four atoms per bulk unit cell. It turnedmental values within 0.5-0.8 eV. Convergence of the results

out that such calculations would be extremely involved forW'th respect to supercell size is relatively slow, however, so

the bulk already and they are currently entirely out of reacﬁhat the calculations are fgirly involved for bulk compounds
for surfaces or interfaces of zinc-blendg&B) or wurtzite already. It may be comphcatgd, therefore, to actu.ally. apply
(W) 11-VI semiconductors that approach to surfaces or interfaces. Such applications are

From a more general point of view the question thenstrgghtforwar_d, on th? antra;yilln ou: agproeﬁ:h. q ib
arises whether unphysical self-interactions can be correcteg1 ur p?pert_B or?amze as do 0\;\/3.{ nl eSc. t_we me_scr(lj €
for and electronic relaxation can be taken into account withirf ¢ construction of our pseudopotentials. section il is de-

an alternative approach that is less involved. This is possiblevoted to the presentation and discussion of the results of our

indeed, as we will show. We have devised an efficient theo@ipplications of these psepdopotentials to lI-vl semiconduc-
retical framework that accounts in an approximate way fortors' In fsleft.' IV we q{es?”be tgebci':ll(lculagolr} of_ttr?e total en-
both effects but, nevertheless, accurately describes electronfcdy: O 'atlice constants, and bulk modufi within our ap-

and structural properties of 11-VI semiconductor compoundsErQ?Ch and pretsenttr:esult.fhfor ahnl:mb;alr O|: com;l)o(;mdsthA
A preliminary account of results obtained employing this net summary fogether with a short outiook concludes the
approach has been published receffly. paper in Sec. V. Some important formal details are given in

The basic idea on which we have built our approach is tothe Appendix.
constructpseudopotentialshat takeatomic self-interaction
corrections and electronic relaxation in the constituoms
into account from the very beginning. The idea to construct
SIC-pseudopotentialéPP3 is not new, in principle. It was In this section we first show the motivation of our ap-
employed a long time ago in approximate SIC-LSD calculafproximate approach for taking self-interaction corrections
tions for atoms and ions by Zung@and more recently, e.g., and electronic relaxation into account. In this context we
for bulk Ge by Rieger and Vogf But the actual ways to address basic properties of the constituent atoms of the stud-
construct SIC-PPs in the previous publications are largelyed compounds. Then we describe how the pseudopotentials
different from our approach. We correct for the self- are actually constructed.

Il. THEORETICAL APPROACH
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TABLE I. Experimental ionization energieB,,, (from Ref. 40 and atomic term values as resulting from all-electron LSD and
SIC-LSD, as well as all-electron LDA and SIC-LDA calculations. The term val PP resulting from standard LDA calculations
according to Eq(5) employing our SIC-PPs are given for further reference, as well. Binding endfgassresulting from our LSD- and
LDA-ASCEF calculations are also given.

Eexpt Tarel Taler " o Tarel Taie Eqpe 5 Cliory
Zn 4s -94 —6.2 -9.3 -9.9 —-6.2 -9.3 -9.9 -94
3d —-17.2 —-10.4 —20.0 —-17.9 —-10.4 —20.0 —-17.9 —-20.0
Cdb5s -9.0 -6.0 -8.9 -9.4 -6.0 -8.9 —-9.4 -8.9
4d —-17.6 -11.9 —-18.9 —18.0 -11.9 —-18.9 —-18.0 —-18.7
O 2p —13.6 7.5 —14.5 —-14.0 —-9.2 —-16.5 —16.2 —-16.5
2s —28.5 —-21.9 —29.1 —28.8 —23.8 —-31.0 —-30.9 —-31.2
S 3 -10.4 -6.3 -10.5 —-10.6 -7.1 —-11.4 -11.6 —-11.4
3s -20.3 -16.3 —-21.4 —-21.2 —-17.3 224 —22.4 —-22.5
Se 4{ -9.8 —-6.0 -9.7 —10.0 —-6.7 -10.5 -10.8 —-10.5
4s —-20.2 —-16.7 —-215 —-215 —-17.5 —-22.3 224 —22.4
Te 5p -9.0 -5.6 —-8.8 -9.1 —-6.1 —-9.4 -9.8 —-9.4
5s —-17.8 —-14.8 —-18.9 —-19.0 —-15.4 —-19.5 —19.7 —-19.5
A. Motivation of the approach (H;f?l?r_vcou{naa']_V)Ist[nacrio])lan
The LSD approximation of density-functional theory sim- oce
plifies the approximate calculation of ground-state properties _ E N7 3)
of a many-electron system with charge density Y} e et

n(r)=n;(r)+n (r) by mapping the many-particle Schro ‘

dinger equation onto effective one-particle equatibhs, For the total energy of atoms it has been shown that SIC-

HLSD , —73LSD LSD results are in much better agreement with experimental

effo Va0 Fao Vao: data than LSD results3"38|n addition, atomic eigenvalues

LSDf 1 o2 LSD, resulting from Eq.(3) are in much better agreement with
HerolN1= =V +Vext Vool NI+ Vi, [Nl (D aasured binding energies than LSD eigenvalues, which

oce 1 typically underestimate the measured energies by some 40%
LSD _N'~lsb_ T 3 (see, e.g., Refs. 23, 25, and 39, and the references thdrein
By ’ni]_a, ac T3 f VealnIn(r)d-r spite of the very encouraging SIC-LSD results for atoms the
LS approach has not widely been used in solid-state calcula-
+Ex [ny.n] tions, so far, because applications of the SIC-LSD formalism
to solids are extremely demanding, as we have pointed out in
-2 fvifg[npnl]nq(r)d?’r, the Introduction.
o ’ In our alternative approach the very involved self-

which can be solved iterativeRy. Within LSD, the inad- consistent determination of appropriately localized one-

equate description of localized states arises to a large exteRf’lmCle orbitals and resulting SIC potentids the solidis

from unphysical self-interactions inherent in the approxima-aVO'ded' Our SIC potentials need to be calculated only once

fon, 2 has been shown by Perdew and Zufganese 1 e L0 e are consectively ranstncg o e solce
authors have suggested accounting for unphysical Se”_ccurate atomic IC(;nergiez available as a reliable reference
interactions by adding a correction term fo the LSD energ herefore we have first calculated all-electron LSD and SIC-

functional, which then reads LSD eigenvalues and eigenfunctions for all constituent at-
ESIC—LSD[nT ,nl]:ELSD[nT N oms of the 1I-VI compounds considered in this work. The
resulting eigenvalues are given in Table I. In our solid-state
1 calculations, to be described further below, we can employ
> J’ Veoul Nao N0 (1) d3r the LDA instead of the LSD approximation because we are
only concerned with systems that exhibit no spin polariza-
tion. Therefore we have calculated for further reference the
: (2)  respective all-electron LDA and SIC-LDA eigenvalues and
eigenfunctions for the related atoms, as well. The respective
The correction term gives a remarkable contribution to theeigenvalues are also included in Table I. For further compari-
total energy if the one-particle densities,, are strongly son the table shows, in addition, measured ionization
localized but vanishes if they are completely homogeneousnergie®’ and calculated\SCF binding energies which we
According to the variational principle, the SIC-LSD energy have obtained from all-electron LSD or LDA calculations,
functional (2) can be minimized by an iterative solution of respectively. We have also calculated respech8€F ener-
the related all-electron SIC-LSD equations gies within SIC-LDA and SIC-LSD. They are in slightly less

occ

+ E;?D[na(flo]
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favorable agreement with experiment and therefore are not

considered further in this work as a reference. 6.0
There are a number of points to be stressed in connection 1 7nO
with the results in Table | which are most relevant for our S5 50
construction of appropriate pseudopotentials. First, we note e ]
that the all-electron LSD results are largely at variance with 2z 40 at
the experimental data. The all-electron SIC-LSD results con- g . nspznd
siderably improve on the comparison. The highest occupied S 30 - ny
orbital energiegexcept for O 2) are in very good agree- 2 ]
ment with the experimental ionization energies, indeed, as 3§ ,, _
has already been discussed in detail by Perdew and Zéhger. -§ |
But there still occur significant differences, most noticeably 2
concerning the semicockstates of Zn and Cd, as well as the & 107 /\l
s core states of S, Se, and Te. The calculated all-electron i
LSD-ASCF binding energies of the states agree consider- 0.0 ! |
ably better with experiment. We note in this context that o) Zn 0

LSD-ASCF leads to some extent to an overbinding of all
states, as is obvious in Table I. But the differences between ] )

ASCF binding energies of different states of particular at- F!G- 1. Comparison of the pseudocharge density along the
oms, which are solely relevant in a solid-state Calculation,zn_O b_ond direction in bulk ZnO with the_z_respectlve superposition
are almost in exact agreement with experiment for Zn, Cd° a°mic Zn and O pseudocharge densities.
and O and they only deviate by roughly 1 eV from experi-
ment for S, Se, and Te. Comparing respective all-electro
SIC-LSD eigenvalues with the LSRSCF binding energies,
we observe that the differences are of the order of 0.6 eV
less for most of the states while they amount to 2.1 eV fo
the Zn A and 0.9 eV for the Cd & states. Even more

interestingly, the differences between the Z&+4n 3d and

Ij1t is possible to separate the bulk valence charge density into
localized one-particle orbital densities which are nearly iden-
0trjcal to the respective atomic one-particle orbital densities
nd thus should lead to similar SIC contributions in the solid
as in the related atoms. In addition, the band structure of
11-VI compound semiconductors is dominated by atomic ef-

_ : : fects. It is built up of separated band groups with nearly
Cd 5s—Cd 4d energies as resulting from LSDECF agree atomic charactet: % The transfer of atomic SIC potentials to

with experiment within 0.2 eV while the respective SIC-LSD o . . .
eigenvalue differences deviate by 2.9 eV for Zn and 1.4 e he solid is therefore_e>_(pected to give rise to Sh'.fts of the
for Cd from experiment. These deviations of the SIC-LSDSlngle b_and groups similar to the SIC-induced S.h'ﬂ$ of the
results from experiment are expected to largely be due to thigSpective atomic energy levelsee Table)l To highlight

neglect of electronic relaxation in that approach. The relax{'€ €xpected SIC effects on the bulk band structures we have

ation is fully taken into account in LSASCF only. It is schematically drawn in Fig. 2 the various band groups as
most pronounced for highly localized stat@sg., Zn 1) resulting from LDA calculations and we have indicated the

All above general comments on the LSD results applyexpecteobhifts of the band groups according to SIC-LDA.

equally well to our respective LDA results. For the Zn and Note that the SIC-lnduced_ownwardshlft of all OCCUP'e.d

Cd atoms these are identical, anyway, because there is rp@nd groups hgs appropnat(_aly been accounted for In .the
spin polarization in the closed shells of ter]3d%s? and sphematlc drawing. These s_h|fts should remedy the de_f|C|en—
[Kr]4d9%s? configurations. In the open valence shells of O cies of'LDA calculations using sta_ndard pseudopotent!als to
S, Se, and Te with thefrare gagnp’ns? configurations with ‘a cory5|d_erable extent. An_approprlate tra_nsfer of atomic SIC
n,=2,’3, 4, and 5, respectively, strong spin-polarization ef_contr|but|ons to the solid by appropriately constructed

fects are to be observed. The respective binding energies, Qgeudopotentlals therefore seems very promising.
resulting from the LSDASCF and LDAASCF calculations,
differ by about 2.2, 1.1, 0.8, and 0.7 eV, respectively. B. Construction of pseudopotentials

Our approach to describing SIC contributions lirVI We first solve the one-particle all-electron SIC-LDA
compoundsapproximately by taking only respective atomic equations for the involvedtoms
SIC contributions into account may seem fairly crude, at a
first glance. But there are strong indications for the meaning- 2Z
fulness of such an approach. First, the underbindingl of (—Vz—T+VcOu[n]+V'§EA[H]—VCOU[%]
bands in standard LDA results is roughly of the same size for
different compounds irrespective of their different lattice LSD ~sic
constantS~*? This is considered as a strong hint to the fact —Vie [Nt Ol | =87 ", (4)
that atomic effects are mainly responsible for the deviations.
Second, the bulk pseudocharge densities of all our investifhe exchange-correlation potential in the SIC term enters in
gated II-VI compounds only slightly differ from respective the spin-polarized form since SIC depends on the charge
superpositions of atomic pseudocharge densities. As an egensities of the particular states involved. In our calculations
ample we show a direct comparison of respective pseuddor the atoms we apply the original SIC-LDA or SIC-LSD
charge densities of ZnO in Fig. 1. The agreement is veryormalism, respectively, as proposed by Perdew and
close, and it is even closer for CdSee Ref. 41 Therefore  Zunger? Using this formalism, the orbitals can result as
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LDA - cigenvalues Bulk SIC-LDA - eigenvalues
Zn|(Cd| O S [Se|Te|| LDA SIC-LDA}[ Zn | Cd| O | S| Se| Tel &

-5 —_ 4 5¢ A 5p 4s 5s Sp :

] 3p |E 4p - -10
o~ T 3]) §
> . 2p R
= 1043d -

? 1 4d [ s
S ] L
s3] ] 2p L
4 cation d L
115 — 58 4d s -
] s

- 3s | 45 - 3d . 20
U i
: anion s 35 | 4s L
=20 m R

FIG. 2. Comparison of thatomicterm values from Table | as resulting from all-electron LD&ft pane) and all-electron SIC-LDA
calculations(right pane). Note the difference in energy scales for the two panels. Apart from a rigid shift of all SIC-LDA term values to
lower energies relative to the LDA term values, distinctive changes itetine-value differencesesulting from the two calculations are to
be noted. The latter are of paramount importance for the solid-state calculations. The bands that can be expected to result from corresponding
solid-state calculations are schematically indicated on the left- and right-hand side of the middle panel, respectively. In additiorsto cation
andd bands, as well as aniamandp bands, there are alsp-antibonding(sp-A) and -bonding(sp-B) bands.

slightly nonorthogonal but foatomsthe influence of the tentials we employ ionic nonlocal norm-conserving pseudo-
nondiagonal elements af’ , and the resulting nonorthogo- potentialsV;2s from the literaturé®**which are used in our

nality effects are very small. standard LDA calculations as well. We thus neglect the SIC
influence on the charge density of low-lying core electrons.
1. SIC pseudopotentials This is quite complementary to the approach of Rieger and

Next, we replace the all-electron Coulomb potentia|V09|-34 For the energetically low-lying core states in 11-VI
—2Z/r in Eq.(4) by an ionic pseudopotentigl,,, and solve compounds it turns out to be well justified, however, as we

the resulting equations for the respectpgeudoatoms will point out further below. The second pady3'", is the
SIC contribution of valence electranas defined in Eq4).
(= V24 Vps o= Vel N31—Vis 3,0 In contrast to the common pseudopotential concept, our SIC
g pseudopotentials contain not only information about the
+Veoul N, 1+ Vighn, ) @P=E5C 0P, nucleus and the core electrons but also have distinct infor-
. . mation about the behavior of the valence electrons in the
wheren, is the total pseudocharge density of the Valencepseudoatoms
electrons, Solving Eq.(5) for the pseudoatoms with s, =V o , it
oce turns out that the resulting pseudoeigenvalues agree already
n,(r)=>, [®"Yr)|?, (6)  remarkably well, mostly within 0.1 eV, with the all-electron
a SIC-LDA eigenvalues resulting from E(4), as can be seen

in Table I. In addition, the eigenfunctions fulfill to a very
high degree all conditions that are usually required for the
pseudo-wave-functions in the context of pseudopotential
constructions(see, e.g., Refs. 42 and ¥3n view of the
remaining very small differences concerning eigenvalues and
) eigenfunctions we considered it not worthwhile to construct
and tabulate the ionic contributiohg, , to our pseudopoten-
This definition of SIC-PPs is different from that in the early tials for each materiahnew but we employ, instead, the
approach of Zunge¥ For the reasons discussed above weusual LDA pseudopotentialé ;0 that are readily available
employ atomic orbital charge densities in the SIC terms ofrom the literaturé>** The close agreement of the resulting
Eq. (7) while Zunger used orbital-charge densities calculatedenergiese Pia - with 5% 2" in Table | furthermore shows
for the new chemical environment. The latter are readilythat the influence of SIC on the charge densities of deeper
available in the small systems which he studied. The firstore statese.g., Zn 3 and Zn 3 or Cd 4s and Cd 4) can
term, V,,,, describes the influence of the nucleus and theonly affect the pseudopotentials for the semicdrelectrons
core on the valence electrons. For this part of our pseudop@nd the valence electrons of II-VI compounds marginally.

andn?'is the atomic pseudocharge density of orbitaMWe
now define the first three potential terms in Ef) as our
SIC pseudopotentials, which are thus given as

V3L = Vs Vool N3] = VLS N2 0] =1V g o+ VS,



5500 DIRK VOGEL, PETER KRUSER, AND JOHANNES POLLMANN 54

avoided, as we will explicitly show for ZnO. We have cho-

1o e 28 - sen ZnO as a prototype example for our discussion because
& o5 N zn o E the shortcom_ings of the LDA approach u.sing standard
7] » : pseud'opotentlals'are most pronounped for this compound. It
0o Tioe e T oo is obvious from Fig. 3 that the atomic charge densities of the
1% [{—"‘“ involved orbitals are strongly localized in space. In conse-
g 10— 3 1.0 quence, the long-range 2/r tails of the potentials have no
?; 20 = [ o observable influence on the related atomic eigenvalues and
R - eigenfunctionsActually, it is the product ¥, [n2®P* that
B e matters in Eq. (5)It vanishes when the related wave func-
L = [ %0 tion vanishes. We can therefore simply define an appropriate
2 10 _(M/—, (/ L 10 radiusr . beyond which the actual form of the SIC contri-
I ) - bution to the atomic pseudopotential is insignificant for the
> 2.0~ — -2.0 . . .
o ] - eigenvalues and eigenfunctions of the pseudoatoms. We de-
30— - - — 5 - - 30 terminer,. by the condition that the following restricted
distance (a.0.) distance (a.u.) expectation value of the SIC contribution to the eigenvalues:
=3 Znds 02p - 123
T . r —~
S B [ SN F f '°°fq>g5(r)5v§'°(r)q>55(r)r2dr dQ
Q&q 6.5 -13.5 0o YO
W60 o — — — 275 (8)
s\ L. — = E 280 = Sgﬁéi(rbc),
170 =% - - —l - - 285 has converged to within 18 eV for the most extended va-

integration limit R(a.u.) integration limit R(a.u.) lence state involved in a compound. For the other less ex-
tended states convergence is then even better. We obtain
lNoc=38.34 a.u. for the Zn and,.=9.09 a.u. for the Cd com-
for the Zn and O atométop panel$ as resulting for the SIC-PPs POU”dS using Zn ¢ and Cd % orbitals in Eq.(8), respec-
including 5VS'C. The latter are shown in the lower parts of the GVelY- _ _ ~ i o
upper panels. The SIC-PP contributiaé3'“ according to Eq(10) As is obvious from Fig. 3, the relevant produdié, 5
used in the solid-state calculations are shown in the middle panele of very short range except for the most extended orbital
The lower panels show the expectation valsgi§,(R) as defined in ~ (Zn 4s in the example of Fig. 8 The latter product becomes
Eq. (12) for the Zn 4, Zn 3d, O 2p, and O 3 states as a function short ranged, as well, if we make use at this point of the
of the upper limitR of the r integration. They are converged to freedom to define the zero of our energy scale for the solid-
better than 0.5% forR=3 a.u. (see also Table )l Note that state calculations. We can simply add on both sides of Eq.
epu(R) in the lower panels is the expectation value of the full (5) the very same constantrg/, (in Ry units for all . This
Hamiltonian according to E¢12). merely redefines the zero of our energy scale, which is arbi-
trary in a solid-state calculation, anyway. The Kohn-Sham
equations then read

FIG. 3. Radial charge density distributiopg(r)=4mr2R2(r)

This is different for Ge 8 core states. The SIC influence on

their charge density has an appreciable effect on the resulting 5

pseudopotential for the valence electrons, as has been show 2 \LDA , <TSIC LDA s

in detail by Rieger and Vogt! One should note in this con- TV Ve OV rOC+VC°”[n”]+VXC [, 5

text, that, e.g., Cd @ and Cd 4 core states reside at67

and —106 eV, respectively, while the Ged3ore states re-

side at about-30 eV, only. In consequence, the SIC influ-

ence on the charge density of the latter has a much more _

noticeable effect on the respective pseudopotential for th&ince the—2/r tails in sV are irrelevant beyond,q for

valence electrons. Furthermore, we note that tieaBd 4 the eigenvalues and eigenfunctions, we can now cut off the

states in Zn and Cd, respectively, are in a sense equivalent fwtentials at . without sacrifice in accuracy. Our final SIC-

the 3d states in Ge. For these semicatsstates we actually PPs for the solid-state calculations are then given as

construct SIC-PPs so that the SIC effects on trestates

are explicitly taken into account in our approach as well. Itis \/SIC._\/LDA | 5\/SIC. _/LDA

obvious from Table | that SIC pseudopotentials yield amuch " P “ pes

better description of pseudoatoms than standard pseudopo- 2

tentialsVpor F:;)llone. P _ P P n ~Veoul 51 - Vig 1,01+ [ F=Tioc
The SIC pseudopotentialésl, cannot directly be trans-

ferred to solid-state calculations because they all have the

same asymptotie- 2/r tails arising from the Coulomb poten- (10

tial in 8VS'C. This long-range behavior would cause an un-

wanted overlap between the SIC contributions from differentso that we finally have to solve the following Kohn-Sham

atomic sites in the solid. But this overlap can easily beequations for the solids:

2
~SIC
8p5a+ —

q)gs:. SIC(I)gs. (9)

“Eps,a

loc

0, r>rIoc
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TABLE Il. Results of a convergence study of the atomic term  TABLE Ill. Relaxation-induced atomic energy shiWQﬁSCF(in
values of Zn and O resulting with our SIC-PPs as a function of theeV) to the pseudopotentials according to Etgd) as given by the
upper limitR of ther integration in Eq(12). The values foR= o0 respective differences between atomiSCF binding energies and
exactly agree with the term valuesicx"in Table I, except for the LDA term values calculated employing our SIC-PPs. Note that
rigid shift of all levels by 2/\,;£3.26 eV. The term-valugliffer- these values are no free parameters but they are uniquely deter-
enceswhich are relevant for the solid-state calculations, only, aremined from the respective calculations and can directly be read off

not at all affected by this shift. from Table I. The values resulting for Zrsdand Cd % from Table

| are put in parentheses. Their use would mean fully incorporating
R Enen & Eoso Enezn 3 Eno = the electronic relaxation of atomic Zrs&nd Cd 5 states. Because
(a.u) (eV) (eV) (eV) (eV) it is more meaningful to ignore theASCF shifts of these

conduction-band states altogether in the respective SIRCHBPs
2 —6.11 —12.80 —16.52 —27.65 details, see textwe neglect the respective shifts in our optimal
3 —6.08 —13.16 —16.68 —27.96 SIRC pseudopotentials, setting them to zero.
4 —6.10 —13.22 —16.70 —27.98
5 —6.11 —13.23 —16.70 —27.98 Zn4s Zn3d Cdb5s Cd4d 0O2s O2p
o -6.11 -13.23 —-16.70 —27.98

0.0 0.0

SVASCF (_05 21 (=05 07 0.3 0.3

{_V2+V§5+V00u[nv]+V§CDA[HU]}(D§S S 3s S3p Seds Sefdp Tebs Tebp

SVASCF 01 —02 00 -03 -02 -04
=gJCPpPs, (12) “

psa ™ «

The SIC contribution$VS'C to the SIC pseudopotentials are o _ o
shown in Fig. 3 as well. Actually, by addingrg/. on both  Proves that the SIC contributions to the eigenvalues originate

sides of Eq.(9) we refer our energies to the flat plateau of from an extremely short-ranged region around each atom.
8V S'Cfor the Zn 4s (see Fig. 3or Cd 5s states, respectively,
i.e., to the flat plateau in the SIC contribution to the pseudo- 2. self-interaction and relaxation-corrected pseudopotentials

potential of the most extended state. In consequence, the So f h , ted dominant self-interaci
productsV S'°@PSis now of extremely short range for the Zn 0 1ar, wé have Incorporated dominant sel-intéraction

4s state as wellsee Fig. 3. The fact that our pseudopoten- corrections in our SIC pseudopotentials but we have not yet
tials have a discontinuous slopergj has no influence at all Sufficiently accounted foelectronic relaxationFor the sake
since the productsVS'®PS vanish atr ... In this way we of brevity, we will refer to our pseudopotentials incorporat-
a a oc- . . . . . .
obtain a SIC pseudopotential which gives rise to only a truly"9 self-interaction corrections and electronic relaxation as

short-ranged SIC contribution so that overlap effects of thes€lf-interaction and relaxation-correcte(SIRC) pseudopo-
SIC contributions become insignificant in the solid. Thetentials. When electronic band structures are measured, e.g.,

pseudopotential¥ 5., reproduce the differences between thePy angle-resolved photoelectron spectroscayRPES,
term values as result?ng Wiﬂﬂ,?é% from E_Cl- (5) _Within _10-—3 e:e;:trons %re _ex0|ted frognloccijhplelc:i sta_tei\s. Tlhe I(;)\f[vher these
eV and the related eigenfunctions are identical. It is imporStal€s reside in energy below the Fermi level and the more
tant to recognize that thatomic pseudocharge densitiest they are localized in space, the larger is the relaxation of the
which are nearly identical to the solid-state pseudocharg¥@/€nce-electron system in response to the excitation. This
densities in the 1I-VI compounds considered in this work relaxation gives rise t(_) shifts in energy of the experlmen_tally
enter the definition of our SIC-PPs in EG.0). observable levels. This was clearly to be seen already in the
In order to identify the spatial region around each atomresults for atomgsee Table )l as we have discussed in Sec.

which contributes to the SIC part of the eigenvalues, we havdl A- The all-electronASCF binding energies show signifi-
cant shifts with respect to the all-electron SIC-LSD or SIC-

calculated ' ’ -

LDA eigenvalues. The shifts are most pronounced for highly

~ localized semicorel states, as we have pointed out already.

siC . _ /& PS LJLDA | 5,P:

epsa(R): =(P{1Hef o PE) Our SIC-PPs were constructed in Sec. 1l B 1 such that they
R yield basically the same eigenvalues and eigenfunctions for

+f f OPYr) V() ®P(r)radr dQ the pseudoatoms as the full SIC-LSD or SIC-LDA formalism

0 JO

of Perdew and Zungér.In consequence, they naturally can-
(12)  notyield a better description of the semicarstates than the

full SIC calculations. Therefore an accurate description of
as a function of the upper limR of ther integration. The d-band positions, in particular, can only be achieved if more
resulting functions;:‘;’;i(R) are shown in the lower panels of accurateatomicbinding energies are built into the construc-
Fig. 3 for the Zn 4, Zn 3d, O 2p, and O & states and some tion of appropriate pseudopotentials from the start. This can
respective energies are given in Table Il for a numbeRof indeed be achieved by referring to tA&CF results for the
values. It is obvious from Fig. 3 and Table Il that the SIC constituent atoms, as given in Table I. An improvement of
contributions converge very fast as a functionRf As a  the d-band description in the solid is to be expected if we
matter of fact they have converged already to better than 1%evise our pseudopotentials such that they yieldatoenic
at R=2 a.u. for the different states except for @ Zor  ASCF binding energies exactly. To this end we make use of
which this convergence level is reachedRat 2.6 a.u. This the freedom to construct our pseudopotentials accordingly.
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In the construction of our SIRC-PPs we follow the sametials in Eq.(15) to the solids. But employing the relaxation-
general route as for the SIC-PPs in Sec. Il B 1. We definéenducedASCF shifts of theatomicZn 4s and Cd 5 states in

SIRC pseudopotentials fatomsas a solid-state calculation is certainly not fully appropriate. In
_ _ _ Zn and Cd atoms thesdand 5 subshells are fully occupied
ViSRG =VSIC+ 5v55C°F. (13) by two electrons but in Zn and Gubmpoundshe Zn 4s and

o o ASCE _ Cd 5s states form the bottom of the conduction bands and
The relaxation-induced shiftV,™" are defined such that they are not fully occupied, therefore. From a Mullikan

the SIRC-PPs yield atomic eigenvalues which exactly equalnqysis of orbital occupancisve find that the Zn & states
the.A.SCF binding energies. This is simply accomplished byof, e.g., ZnO are only occupied by 0&and the Cd § states
defining of, e.g., CdS are only occupied by 0e7Llearly evidencing
the large ionicity of these compounds. It would thus not be
quite correct to fully implement the relaxation-induced shifts
The valuessVASCF can simply be read off from Table | and SV4SCF of the atomic Zn 4s and Cd 5 states in the con-

they are compiled for the convenience of the reader in Tabl§truction of the respectivesiand % pseudopotentials of the

lll. Note that they are no free parameters but are uniquelyolid- The limiting alternative is to ignore the relaxation-
determined from the calculated differences between Induced shiftssV;>~"in the Zn 4 and Cd 5 SIRC pseudo-

ELDA-ASCF andFSICPP The SIRC pseudopotentials are then potentials for the solids altoggther. Certalr)ly, the trpth lies
transferred to the solid and, to avoid unwanted overlap efSomewhere in between applying full atomic relaxation and
fects, they are cut off in the same way as the SIC-PPs wergntirely neglecting it. But the truth is certainly closer to the

5'\7§SCF: _ EI;DA-ASCF_E'EIC-PP. (14)

cut off in Sec. Il B 1. They are then explicitly given as neglect of electronic relaxation of the Zi3 4nd Cd 5 states
than fully incorporating it, as is obvious from the orbital
V,?QF;C: =V§§+ SVASCF= ingﬁ occupancies in the solids. Which one of the two variants is

more appropriate can eventually only be decided on the basis
of actual results. It turns out that the entire neglect of the

at LDSy at
4 ~Veoul Na] = Vie Tng;,0]+ v F<ra 5V5SCF shifts for Zn 4s and Cd 5 states overall yields con-
0 - siderably better results than applying full relaxation to these
' r=ra. states, as was to be expected in view of the relatively small

(15  orbital occupancies of these orbitals in the solids. Thus our
optimal SIRC-PPs are defined as in E(5) and(16) with
the respective’VASF values as given in Table III.
2 This concludes the construction of our pseudopotentials
= 5’\7§SCF+ i (16  for -V compounds. They are defined in Eq40) and(15),
Mo Moc respectively. According to the general arguments detailed in
this section we expect our SIC-PPs to yield a considerably
better description of electronic properties of 1I-VI semicon-
ductor compounds than standard pseudopotem@’ﬁ and

The cutoff radii follow from Eqs(10) and (15) as

Note that the sV4SCF in Eq. (15)_have a small space-
dependent contribution while théVASCF, defined in Eq.

(14), are constants. The respective energy shiftg @h a.u) . .
guarantee that the5\>C exactly reproduce the atomikSCF the SIRC-PPs to yield the best description as far as agree-
ment with measured electronic properties is concerned.

binding energies when used in a standard LDA calculation.
We employ our atomic LDAASCF energies instead of the
SIC-LDA-ASCF energies in this construction because the
former are in slightly better agreement with experiment than The pseudopotentiald 5, and Vpis- can now be sepa-
the latter. rated, as usual, into a local long-range and an orbital-
The termssVASCF entering the nonlocal short-range part dependent short-range part. According to E4$) and (15)

of our pseudopotentials are orbital dependent. This is pertthe long-range parts of these potentials are identical to the
fectly alright since electronic relaxation is different for dif- long-range part OVBSDQ and thus have the usual asymptotic
ferent orbitals. So it can only be taken into account appro—2Z,/r behavior. This long-range part is treated as a local
priately in an effective one-particle potential by orbital- potential in the calculations for the solid, as usual. The non-

dependent contributions. This is in the same spirit adocal parts ofV5i, or V5iX© consist of the nonlocal part of

standard pseudopotential theory which describes the scattevpe, and the nonlocal, short-range SIC or SMSCF con-
ing properties of atomic potentials by different angular-tribution sVS'© or sVS'C+ sVASCF respectively. These po-
momentum-dependent components for different orbitals irtentials now have the standard form of nonlocal, norm-
the respective nonlocal short-range parts/gf; . The non-  conserving pseudopotentials but they have built in the most
local relaxation-induced contributions in our SIRC-PPs aredominant self-interaction corrections or self-interaction and
again extremely short ranged. By construction, they yieldrelaxation corrections, respectively, that need to be ac-
nearly the same wave functions as our SIC-PPs and atomimounted for in more accurate solid-state electronic structure
eigenvalues which exactly equal the atodi€CF binding  calculations. They can simply be transformed into the sepa-
energies. rable form as suggested by Kleinman and Bylaftieee the
There is one final point to be considered in the context ofAppendi®¥ and can directly be implemented in a solid-state
the SIRC-PPs. In Eq14) we have fully incorporated elec- LDA band-structure calculation. Therefore, simplified SIC-
tronic relaxation as it applies to the constituent atoms of thé-DA or SIC-LDA-ASCF calculations for solids can be car-
considered compounds and we have transferred these potened out by employing our SIC-PPs or our SIRC-PPs using a

3. Implementation of the pseudopotentials
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Alder form*® as parametrized by Perdew and ZuntjefFor
/é the selenides and tellurides we have taken spin-orbit cou-
i pling into account, in addition. As basis sets we employ 80

...... Gaussian orbitals per unit cell for the RS and ZB and 160
Gaussian orbitals per unit cell for th# compounds, respec-
tively, with appropriately determined decay constants.

Brillouin-zone sums are carried out at six and ten spdcial
0 R T A points”’ for the W and RS or ZB crystals, respectively.

Energy (eV)

UE
V¥
8

<

24

VY

Energyo(ev)

=10

A. Result obtained usingVS'®

Let us first address the band structure of ZnO which
shows the most severe shortcomings as compared to experi-
_ment when it is calculated with standard pseudopotentials.

FIG. 4. LDA bulk band structure of ZnO as calculated using Thg fy|| pulk band structure of ZnO is shown along the high-
standard pseudopotentialP, left panglor our SIC pseudopoten- gy ety lines of the hexagonal Brillouin zone in Fig. 4.
tials (SIC-PP, right panel All energies are referred to the respec- The left panel shows the standard PP and the right panel
tive top of the valence bands. The horizontal dasheq lines indicatghows the SIC-PP result. The measured gapand width,
g‘gf q%as:rzgcihgeazniegg_rggﬁ?vﬁgfh(?g'r;hs :f—blaand width(from and aniors-band position are indicated by horizontal dashed

T T lines in each case. Both band structures exhibit four band

) groups that are characteristic fév II-VI compounds. The
standard LDA band-structure code. Only the input pseudop,est two bands derive from anic states(O 2s). Next

potentials need to be changed according to Ef3.or (15),  fqjow the ten cationic semicore bands(Zn 3d) and closely
respectively, at the very beginning of the self-consistent t3pove these reside the six mostly anion-derived Va-

erations. In consequence, our approximate approach is Vej¥nce hands. Above the gap we observe the lowest group of
efficient and can easily be transferred to more complicated,nqyction bands, the bottom of which is mostly derived
systems such as surfaces or interfaces. We have carried m cationics states(Zn 4s). All shortcomings of standard

such calculations _employing our__pseudopotentials for,se\,qopotential LDA calculations mentioned already in the
ZnO(1010), CdS(10D), and CdSe(101) surfaces. A pre- | qqduction are most obvious in the left panel of Fig. 4. The
liminary account of results for surfaces, which will be dis- 2p valence bands occur close to the conduction bands.
cussed in detail elsewhere, is given in Ref. 45. The result§he semi-cored bands occur roughly 3 eV too high in en-
show very good agreement with experiment, indeed. ergy as compared to experiment. In consequence their inter-
action with the aniomp valence bandémainly O 2p derived
IIl. RESULTS is unrealistically strong. The dispersion of thgsdands is
therefore falsified. More importantly, they are pushed up in
In this section we present and discuss results of applicaenergy close to the bottom of the conduction bands so that
tions of our pseudopotentials in electronic structure calculathe fundamental gap is almost closed. All these deficiencies
tions for bulk II-VI compound semiconductors. All these cal- are overcome to a large extent by employing our SIC-PPs, as
culations were carried out at the experimental latticeis obvious from the right panel of Fig. 4. The Zm ®ands
constants. We have studied 11 zinc-bler@d®), wurtzite  and the O » bands now occur considerably lower in energy
(W), and rocksaltRS) structures of Zn and Cd compounds. relative to the bottom of the conduction bands. Concomi-
Most of these structures are stable under normal conditionsntly, the O 2 valence bands are no longer pushed up very
but some can only be grown epitaxially on suitable sub-close to the conduction-band bottom and phd interactions
strates. For each of the 11 configurations we have carried oaire much smaller now. In consequence, the gap has opened
four separate self-consistent LDA calculations employingup dramatically and the width of the Qp2ralence bands has
standard pseudopotential8®*, our SIC pseudopotentials increased from 4.0 eVleft pane) to 5.2 eV (right pane).
VS€ and the two variants of our SIRC pseudopotentialsThe results of our SIC-PP calculations are in much better
VSIRE To identify the influence of the relaxation-induced agreement with experiment than the standard PP results, as is
shifts 5VASCF, as discussed in Sec. Il B 2, we have carriedobvious from the right panel of Fig. 4. The calculated @ 2
out two SIRC-PP calculations for each material using for thevalence-band width of 5.2 eV, in addition, agrees remarkably
Zn 4s and Cd % components either the full atomic relax- well with the measured bandwidth of 5.3 &¥It is impor-
ation shift(—0.5 eV, as shown in parentheses in Tablgdi  tant to note that our SIC-PPs not only give rise to rigid shifts
entirely neglecting it in the SIRC-PPs. Therefore we have irof entire band groups but they also influence the dispersion,
total 44 band structures of II-VlI compounds available as amost noticeably of the occupied bands, considerably. This is
data basis for an identification of the applicability and usethe case because reducped interactions and the respec-
fulness of our pseudopotentials. As is obvious from E&f8.  tively increaseds-d interactions alter the dispersions of all
and(15) the standard pseudopotentié&d&t’A enter in all our  occupied bands to some extent. In addition, our SIC-PPs
calculations. We employ the ionic pseudopotentials ofhave space-dependent contributioRéS'“(r) that consider-
Bachelet, Hamann, and S¢ted'? for the Zn and Cd cations  ably affect the dispersions as wélln summary, we observe
and those of Gonze, Stumpf, and Scheffiéor the O, S, Se, impressive improvements in the band structure of ZnO re-
and Te anions. In all our calculations the exchangesulting from a straightforward implementation of our SIC-
correlation potential is taken into account in the CeperleyPPs within standard LDA calculations.
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TABLE IV. Gap energiessy and averagel-band energiegy
(in eV) as resulting from LDA calculations employing standard
PPs, SIC-PPs, and SIRC-PPs, respectively, in comparison with ex-
perimental data from Ref. 48, if not stated otherwise. Note that the
d bands have a considerable width both in experiment and in theory

(see, e.g., Figs. 4, 8, and.We give averagel-band energies as .~ —
resulting from our calculations while experiment usually cites the 7 @
energetic position of the maximum of tldeband peak. ~ =~
> &
PP SIC-PP SIRC-PP Expt. S -3 - S
o [
Zno"  E, 0.2 3.8 35 34 = =
Eq ~5.0 -8.9 -75 -7.8
Zns’ Eq 2.0 34 3.7 3.9
Eq —-5.9 —-11.4 -94
Zns® E, 1.8 3.3 3.6 3.9 Sy T M T 2
Eq —-5.7 —-11.4 -9.5 -9.0
B
Znsé Eg _gg _121'2 _102'11 _ng FIG. 5. Comparison of calculated and measured upper valence
B d ) ) : : bands ofWw CdSe. The LDA band structures have been calculated
ZnTé Eq 0.7 1.0 14 2.4 with standard pseudopotentialBP, left panel and with our SIC
Eq —6.5 —-13.0 -10.8 —-9.8 pseudopotentialéSIC-PP, right pangl Spin-orbit coupling has ex-
CdO™® E,4 —-0.6 2.0 1.7 0.8 plicitly been taken into account. The symmetry of the calculated
Eq —6.2 -9.0 -8.2 -12.0 bands(1, 3 even and 2, 4 odd with respect to the mirror pjane
cdsV Eg 1.2 2.4 25 25 favorably compares with the polarization and angle-resolved photo-
Eq -6.8 —-10.5 -9.7 —-96 electron spectroscopy datA even andJ] odd, from Ref. 52
Cds® E, 1.1 2.2 2.4 24
Eq —6.8 —10.5 —-9.7 volving O is related to the fact that the highly localized © 2
Cdse" Eq 0.4 11 1.4 18 and O 2 orbitals show a much stronger SIC effect than the
Eq 74 —-11.3 —10.4 —10.0 comparatively more extendeslandp orbitals of S, Se, and
Cdse® Eq 0.2 11 13 Te. In consequence the SIC shift of the catibbands rela-
Eq —7.4 —-11.3 —104 tive to the aniorp bands is smaller in ZnO and CdO than in
CdTe® Ey 0.3 0.5 0.8 1.6 the other compounds. The energetic lowering of semidore
Eq ~7.8 —12.2 —-11.0 —-10.5 bands is more pronounced in Zn compoudsighly 6 eV}

than in Cd compounds¢roughly 4 eV}, as was to be ex-
pected. The respective atomic term valyes Table | and
Fig. 2 show the same behavior, which is simply due to the
Let us now broaden the data base for a more generdfct that Zn 3! states are more localized than Cd 4tates
discussion of the effects brought about in the band structureand therefore show a larger SIC shift.
of II-VI compounds by the SIC-PPs. We first concentrate on  Another very gratifying primary effect is the downward
salient key features, namely, the gap and dhkand ener- shift of the anionp valence bands relative to the catisn
gies. They are given in Table IV, as resulting for the differ- conduction bands. There are two reasons for it. First, the
ent pseudopotentials used, together with experimentainion p states are much more localized than the cason
data*®*°%51 Obviously in all cases the results obtained with states and therefore undergo a comparatively larger SIC shift
standard pseudopotenti#iéare largely at variance with the (see also Fig. Rand second, the valence bands are no
experimental data. Our SIC-PP results, in general, grosslionger pushed up in energy by unrealistically lafga in-
improve the agreement between theory and experiment. teractions. In consequence, the gap opens up considerably in
Comparing the PP and SIC-PP results in the first twamany of the compounds. This effect is most pronounced for
columns of Table IV we may disceprimary andsecondary compounds involving O and it decreases with increasing spa-
effects of the SIC contribution to the pseudopotentials. Thdial extent of the aniorp orbitals. In addition, it is more
most pronounced primary effect is that the SIC-PPs inducg@ronounced in the Zn than in the Cd compounds. This is due
shifts of the band groups in the solids that are very similar irnto the fact that thed bands occur already comparatively
nature to the respective SIC-induced shifts of the relatedower with respect to the anigm bands in the Cd than in the
atomic term valuesgcf. Table | and Fig. 2 We observe that Zn compounds when they are calculated with standard
the cationicd bands strongly shift to lower energies with pseudopotentials. Thus the reductionpetl interactions due
respect to the anionip valence bands. Comparing the to the SIC-induced downward shift of thebands is more
d-band energies as resulting from PP and SIC-PP calculgronounced in the latter than in the former. This general
tions, they occur roughly 6 eV lower in energy for the Zn behavior nicely correlates with the related SIC-induced shifts
compounds, except for ZnO where they are only lowered byn the atomg(cf. Table | and Fig. 2and with the ionicity of
4 eV, and they occur some 4 eV lower in energy for the Cdthe compounds. The more ionic a compouedy., ZnO or
compounds, except for CdO where the related shift is about d0O) the more localized are its wave functions and the larger
eV. The somewhat different behavior of the compounds in-are the SIC effects. The relatively least ionic and most cova-

8Reference 50.
bReference 51.
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lent compounds in our serigse., ZnTe and CdTeshow the
weakest SIC effects in their band structures. 7007 | Z0S2| Zose™] zaT8 cas” | casd¥| caré
As an important secondary effect, we observe changes in
the dispersions of the shifted bands as mentioned already in
the context of Fig. 4 for ZnO. Similar changes induced by
8VS'Y(r) in the dispersions of anion-derivgdvalence bands . )
are observed for other compounds as well. In Ref. 32 we A
have shown comparisons of calculated and measured bands
for ZnO and forWw CdS. Using our SIC-PPs, we obtained — _
considerably improved agreement with the data of Zwicker @
oy

and JacoBf for ZnO and of Magnusson and Flodstref for T

W CdS, as compared to our standard LDA results, concern- 0 —O | o —8—

ing both the dispersion and the symmetry properties of these —O ] G——O0—1—@
bands. In Fig. 5 we show a respective comparison between - —O— - Oo—
calculated and measured bands WérCdSe. The agreement —] o

of our SIC-PP results with the data of Magnusson and T —C— 00—

Flodstran® is again very satisfactory. Not only the disper-
sions, in particular fronM to MI'/2, and the symmetry char-
acter of the calculated and measured bands are in good
agreement but also the measured energy position and the

spin-orbit splitting of the two bands near5 eV are very g, 6. Calculated averagd-band positions for some 11-VI
well described by our SIC-PP results. The remaining deviagompounds which are stable W or ZB modification under normal
tions between calculated and measured bands closer 10 theconditions. Theoretical results are shown by open symbols while
point could very well be related to experimental difficulties experimental datéfrom Ref. 48 are shown by full dot$-@-). Our

in precisely determining the intrinsic top of the valenceLDA calculations have been carried out with standard RBs),
bands with respect to the extrinsic Fermi leVelSimilar  SIC-PPs(-[-), and with SIRC-PP$-O-).

deviations occur near thé point for W CdS, as welf?

Another secondary effect is to be noted. In all compoundsvay described in Sec. 1l B 2. The respective SIRC-PP results
the downward shift of the semi-co@® bands leads to an are given in the third column of Table IV. The question
increaseds-d interaction with the low-lying anionie bands  whether one should fully incorporate the atomi8CF shifts
giving rise to a decrease of their dispersions. This effect igslue to electronic relaxation in a solid-state calculation was
most pronounced in ZnS and CdS but it is also to be seen iaddressed already in Sec. Il B 2. This question is most rel-
Fig. 4 for ZnO. evant for the resulting gap energies. We have stated already

In spite of all the improvements obvious from Table IV that the complete neglect of atomic relaxation-induced shifts
and Figs. 4 and 5 there still remain distinct deviations be-of the Zn 4 and Cd % states is probably more meaningful
tween our SIC-PP results and experiment, most noticeably
concerning the gap energy and #iesoluteposition of thed 4
bands. The main goal of our SIC-PP calculations was to
overcome the misplacement of tldebands and the related
unphysical consequences on gap energies, as well as on
p-band widths and dispersions which are characteristic for s
standard LDA results. That goal has been reached and from <& »
any practical point of view our effective LDA-type Hamilto- .
nians employing SIC-PPs are already far superior, as com-
pared to standard pseudopotential LDA Hamiltonians, for all
applications mentioned in the Introduction. But now, as is
obvious from the second column of Table IV, tdebands 0
occur up to 3 eV too low in energy for the Zn compounds s
(except ZnQ and roughly 1 eV too low in energy for the Cd
compounds(except CdQ as compared to experiment. For
calculations of occupied bands near the gap energy regionas _ ?
needed, e.g., for comparisons with ARPES data, thisisof no %
practical relevance. But it remains, nevertheless, a nuisance = |
from a general theoretical point of view. As we have already
discussed in the context of Table | and in Sec. Il B 2, that
problem is related to electronic relaxation, which is not prop- 0
erly accounted for in/S'C,

|IIIIIIIIIIIIIIIIII|III|||||||III|IIIII

II||||||||IIIIIIIII||IIIIII|

FIG. 7. Calculated and measured gap energies for some stable
II-VI compounds. Our LDA values resulting with standard pseudo-

To address the remaining problems mentioned above, wgotentials(PP and with our SIRC pseudopotentidSIRC-PP are
have taken electronic relaxation into account as well, in the&ompared with the experimental data from Refs. 48, 50, and 51.

B. Results obtained usingvS'R¢
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TABLE V. Energy differencegin eV) between aniors andd

term values of Zn and Cd atoms in comparison with the related 10 B 10
energy differences between the bottom of the conduction bEpds | /\\
and thed-band positions in Zn and Cd compounds, given by 5 N /\ [ s
E.—Eq4, as resulting with standard pseudopotentié®®, SIC |1

pseudopotential{SIC-PB, and the two variants of our SIRC
pseudopotential§SIRC-PB. Our results for the SIRC-PPs includ-
ing full atomic relaxation shifts are labeled by FR and those result-
ing for the SIRC-PPs neglecting relaxation of the anisn

7
N A
M
A
7l
v
AN
¥
Vi
o
W

conduction-band states are labeled KB details, see text Ex- PP R I B e i [ 10
perimental data are from Refs. 48, 50, and 51. ZnoY T U
0 I N A N
15 -15
PP SIC-PP SIRC-PB SIRC-PPR Expt. AL TA HK T LT X WK r
10
Eznas—Ezn s 4.2 106 8.0 8.5 7.8 5/7\
\/<
Ec—Eq /.~/ 5
znoWV 5.2 12.7 12.2 11.0 11.2 ~ 724 SR ~
ZnsB 79 147 12.0 13.1 12.7 : %\>‘ °z
ZnSe® 75 14.0 11.3 12.2 12.3 & ~ 5
ZnTeB 6.8 14.0 11.4 12.2 12.2 s [ ° S5
Ecqss—Ecqaaw 59 9.8 8.6 9.1 8.6 °
Ec—Eq By LW T A HK T A 1w T nx 1"
cds” 8.0 129 11.6 12.2 12.1
B
CdSéB 78 124 11.2 11.8 11.8 FIG. 8. LDA bulk band structures of wurtzite ZnO, CdS, CdSe,
CdT¢ 81 127 11.3 11.8 123  and of rocksalt CdO as resulting with our SIRC-PPs. All energies

are referred to the respective top of the valence bands. The horizon-
tal dashed lines indicate measured gap energieslarehd widths
than fully incorporating it. This conclusion is_borne out by (from Refs. 16, 48, 50, and %1In the band structure oV CdS

our SIRC-PP results. Fully incorporating twéSCF shifts (lower left panel we have included ARPES datheavy dots; from

of all atomic states in our potentials for the solids, indeedXe" 53 at high-symmetry points for comparison.

yields d-band energies that agree with experiment within

0.5-0.8 eV but the gap energies are less accurate than in thg at certainly becomes less accurate in these compounds.
results obtained neglecting th#/{,>~" contributions to the It is interesting to note that the gap energies in ZB ZnSe

Zn 4s _and Cd 5 pseudopotentials. Our final reSL_JIts, givenin gnd znTe andV CdSe show precisely the same deviations
the third column of Table 1V, were obtained with the latter fom experiment as the respectiveband positions(see
SIRC-PPs. Table IV). The related deviations are similar for ZB CdTe as
In Fig. 6 we show a direct comparisonafband positions  well. This shows that thenergy differencéetween zZn 4
as resulting from PP, SIC-PP, and SIRC-PP calculations witland Zn 31 or Cd 5 and Cd 4l states is accurately described
experimental data for seven ZB afhl compounds. These in our calculations both in the atom and in the solids. Only
seven compounds are stable under normal conditions. Thée relative positions of the Sepdand Te % bands deviate
underbinding of thel bands by roughly 3 eV in standard PP by 0.6, 1.0, 0.4, and 0.8 eV, respectivéfyit is most reveal-
calculations and their overbinding in SIC-PP calculations isng to address thesenergy differenceas resulting from our
clearly to be seen. The SIRC pseudopotentials, on the comalculations in some more detail. In Table V we have sum-
trary, yield d-band energies in reasonable agreement withmarized the differences between an®andd term values
experiment. The deviations are less than or equal to 0.5 e¥f the Zn and Cd pseudoatoms in comparison with the re-
except for the ZB compounds ZnSe and ZnTe where thdated energy differencels.— E,, whereE, is the bottom of
remaining differences are 0.7 and 1.0 eV, respectively.  the conduction bands. Since the bottom of the conduction
In Fig. 7 we show a direct comparison of measured gagands in the II-VI compounds is derived from aniestates,
energies with respective PP and SIRC-PP results. It is moshe energy differenc&.— E, is a measure for the change of
obvious from Table IV and Figs. 6 and 7 that the SIRCES""—ES*°" that occurs when Zn or Cd atoms are incor-
pseudopotentials not only yield very satisfactorfpand po- porated in Zn or Cd compounds. The respective changes in
sitions from any practical point of view but also significantly the solid, on the one hand, result from interactions, most
improved results for the gap energies, in particular, for thamportantly from first-nearest-neighbor anion-cation and
more ionic compounds. Only with increasing covalent charsecond-nearest-neighbor cation-cation interactions. But in
acter of the binding and with increasing spatial extent of theaddition, the different electronic screening in the compounds
anion p orbitals in the selenides and tellurides does theas compared to that in the atoms gives rise to changes in
agreement decrease to some extent. This may be related tteese energy differences as well. First we note in Table V
the stronger hybridization in these more covalent solids. Outhat the respective energy differences in the cations and in
approximation of calculating the SIC contributions to thethe compounds are significantly different. Our approach

seudopotentials by employing atomic orbital-charge densi-
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ing the comparison between theory and experiment except

10 AN ED / x& for the RS compound CdO. For this compound, the measured
/\/ /\ \/(/\ s d-band position of-12 eV is much lower than the calculated
..... S O Vs RNEaN

averaged-band position 0of-8.2 eV. The experimental result

is somewhat astonishing in view of the fact that the mea-
suredd-band energy for CdO does not at all follow the trend
in d-band positions that is obvious from Table IV and Fig. 6.

)
7

|
li\i
Q

ZnS® | ZnSe®™ Thed-band binding energies increase along the O, S, Se, and
10 = e == 12 N S o S Te series both for the Zn and Cd compounds. In our theo-

- retical results CdO nicely follows this general trend but the
s l—1L L ! L\T — L5 measuredd-band energy, reported already 25 years ¥go,

grossly deviates from it. We do not think that these devia-

Y tions originate from peculiarities related to the sixfold coor-
L\ /K &/\/k dination in the rocksalt structure since we have obtained
N
> < /{ \d\%\ 3 grossly improved band-structure results for the rocksalt com-
R i SN . ’\/_’ N\ - pound NacCl, in general, as well by employing our pseudo-
30N U AN T F 03 potentials.
5 %%é% / —% 5 All band structures shown in Figs. 8 and 9 have been
g InTe® —— CdTe® F 5§ calculated with our SIRC-PPs neglecting the relaxation shifts
___________ HN N S SVASCF in the Zn 4 and Cd % pseudopotentials. These
Rl =S R N ) e e SIRC-PPs turn out to be most appropriate both on the basis
[ . —’i of the general arguments given above and on the basis of the
r— r—— S — T T favorable results they yield in comparison with experiment.

Comparing the SIRC-PP band structure of ZnO in the upper

FIG. 9. LDA bulk band structures of zinc-blende zZnS, ZnSe, left panel of Fig. 8 with the respective SIC-PP band structure
ZnTe, and CdTe as resulting with our SIRC-RBe=e also caption of in the right panel of Fig. 4 we recognize that inclusion of
Fig. 9. electronic relaxation invS'R¢ further improves thed-band

position and the gap energy but only has a marginal effect on

yields this behavior appropriately, although we have onlythe dispersions of the bands. We find the same conclusion to
incorporated atomic properties of the constituent atoms irobtain for all other compounds studied. Significant changes
our pseudopotentials. This simply means that the use of oun band dispersions relative to the standard pseudopotential
SIRC-PPs on a crystal lattice gives rise to a correct descrip=DA results are mainly brought about bjv>'®. The addi-
tion of interactions and of electronic screening in the solidstional 8VASCF corrections definingS'R only give rise to
Second we note that the standard PPs entirely fail to descritsamall additional shifts of the band groups, changing their
the measured differences accurately, both in the pseudodispersions at most by 0.1 eV. In the lower left panel of Fig.
toms and in the compounds, as was to be expected. O&; showing the band structure @ CdS, we have included
SIC-PPs considerably improve on the comparison but therthe ARPES data of Stoffélas well. Again we observe grati-
are still significant deviations from the measured energy diffying agreement between theory and experiment.
ferences. In thegpseudoatom®ur SIRC-PPs including full The differentW band structures in Fig. 8 and the different
atomic relaxation yield the best agreement with the data, ag8B band structures in Fig. 9 show very similar topologies,
was to be expected on the basis of their construction. But forespectively. The lower two panels of Fig. 8 allow for a
the solids the SIRC-PPs including full relaxation yield en- direct identification of the changes induced by an exchange
ergy differences which deviate up to 1.0 eV from the dataof the anions S and Se in th& Cd compounds. The same
Our optimal SIRC-PPs, which entirely neglect the obtains for the upper two panels of Fig. 9 while the lower
relaxation-induced shiftsV2SCF of Zn 4s and Cd % states  two panels of Fig. 9 exhibit the changes that occur when the
in the solids, yield energy differences which are very close tacations Zn and Cd are exchanged in the tellurides. Compar-
the data(see the fourth and fifth columns of Tablg,\8how-  ing our band structures and the energy values in Table IV we
ing that these atomic SIRC-PPs and their appropriate transfa@bserve that the gross features of the band structures of par-
to the solids constitute a reliable basis for accurate bandicular compounds are largely similar for th& and ZB
structure calculations of II-VI compounds. modifications. Thed-band energy positions and the widths

In Figs. 8 and 9 we show band structures for II-VI Zn and of the anion-deriveg valence bands are almost identical for
Cd compound semiconductors that are stable in RS, ZB, dooth modifications. Only the gap energy for t#é modifi-
W configurations, respectively, under normal conditions.cations turns out to be roughly 0.1 eV larger than that of the
Figure 8 shows our SIRC-PP results f and RS com- respective ZB modifications. The difference of some 0.1 eV
pounds while Fig. 9 shows respective results for ZB com+esults from all our calculations as well, in good agreement
pounds. We note again that the compounds containing Seith experiment.
and Te have been studied including spin-orbit interaction. In view of the fact that the implementation of our pseudo-
We have indicated the measured fundamental gaps armbtentialsvS'® andVS'R€ does not increase the complexity of
d-band widthd®#851%5hy horizontal dashed lines in each the respective LDA calculations in any way and, neverthe-
case. In all band structures we observe significant improveess, does yield much better results than standard pseudopo-
ments, as compared to standard PP band structures, concetential LDA calculations, we consider the band structures
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presented in this section as significant progress in electronigse theatomic pseudocharge densitigs instead of the

structure theory of II-VI compound semiconductors, indeedorbital-charge densities,, of the solid to evaluate the SIC
contribution inAE,. This is consistent since the SIC contri-
butions to the eigenvalues>.C were evaluated the same

; Epsa
o . _ . way. We rewriteV, as
The description of structural parameters of solids within

LDA employing standard pseudopotentials is usually in good
agreement with experimental data. Therefore the question
arises whether structural parameters like lattice constants and
bulk moduli can equally well be described within LDA when and approximate/, in complete analogy to Sec. Il B[tf.
our pseudopotentials are used. We first address the form&id. (10)] by the short-range potential

IV. EVALUATION OF THE TOTAL ENERGY

~ 1
Va[n?zt = :Va[nao‘zt] +—
Moc

(21)

aspects of this question and then present related results.

A. Formalism for total-energy calculations

For the calculation of structural parameters we need the __
total energy of the system. It is a ground-state property on —

which electronic relaxation has no bearing. Thus in the con

text of total-energy calculations only self-interaction correc-
tions need to be taken into account. In the framework ofyijth 53/C

Vo[ng]
1 at)_ gLDA ppat LoA[ atp L r<r
2 VCOUl[na Exc [na]+vxc [na] r ’ lloc
= loc
- ) I’ > r |OC .
(22

_.SIC
“Epsa

—2Ir ,c according to Eq(9) the appropriate

psx

pseudopotential theory, the total energy is given within theotal energy in our SIC-PP approach then reads

full SIC-LDA approach?® [cf. Egs.(1) and(2) for SIC-LSD]
as

occ

E3|C-LDA[nU]:§a: §§é3+AE1+AE2, (17)
with
AEy= 4 [ Ve, In, (6% + [ o3240, In, )
—J VigAIn, In,(r)d3r (18)

and

occ

AE2:§ j {%VCOU{na]_g

LSD LSD
o [Nat o]+ Ve [Nat ol}

xn,(r)dqr, (19

wheren, andn, are now the respective valence- and orbital-

occ

2N 1
ESCPTN,=2 en 5 | VealnInu(nd'r
a loc
*f sL2A[n, In, (r)d3r

- f Vi n, In, (r)dr
occ N
+> fva[nit]na(r)d3r+—.
a loc

(23

Therefore in our approximate approach we do not need to
evaluate the localized orbital-charge densitiesas is nec-
essary for a full SIC-LDA solid-state calculation of the total
energy. The integrals involved in the calculationAdE, are
solved for the solid by projecting the solid-state wave func-
tions onto the localized atomic one-particle orbitals so that
the respective term in Eq23) is approximated as

charge densities in the solid. Note that this SIC-LDA form o -

the total energy is not simply obtained by summing up th
eigenvalues of Eq(11) and correcting for double counting
by AE,, as is usual in LDA. Within our approach we also
have to incorporate thAE, term. This is the case, because

we have approximated the full SIC contribution to the poten-

tial [cf. Eq. (4)], following from the linear variation of the
full SIC-LDA total energy with respect to the one-particle
orbitals, bysVS'C, i.e., by the nonlocal SIC contributions to
our SIC-PPs. We can represekE, by the following inte-
gral:

occ

AE,=:> f v, [n,In,(r)d3r (20)
involving the potentiaV [ n,] whose definition becomes ob-
vious from a direct comparison of Eq&.9) and (20). From

the solutions of Eq.(11) we can determine the valence-
charge densityh, but we cannot resolve the orbital-charge
densitiem , of the solid. In the same spirit as in Sec. Il B we

';E f V [ngIn,(r)dr

[PV N (PEV.|
(PEIVa|PE)

>

o

~2 <wn,k wn,k>. (24

n,k
This term can be calculated in a very efficient manner by
representing th¥, as nonlocal, separable potentiédse the
Appendix. The net constant N/r .. occurring in Eq(23) is
a mere consequence of our choice of the reference energy for
the eigenvalueg s, in Eqg. (9). It naturally enters and it
improves the calculation of cohesive energies but it has no
influence on the lattice constants or bulk moduli which fol-
low from derivatives of the total energy. The total energy of
the solid is then given by Eq&3) and(24) in general agree-
ment with the respective SIC-LDA total energy of pseudoa-
toms. It is obtained from a self-consistent LDA calculation
for the solid using our SIC-PPs which also provide the Bloch
orbitals ¢,  for the calculation ofAE,. For pseudoatoms
our respective results agree roughly within 0.1 eV with the
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TABLE VI. Lattice constants, ¢ (in A), and bulk modulB (in  (except for ZnO, for which the improvement is only mar-
Mbar) of W, RS, and ZB 1I-VI semiconductor compounds as cal- ginal). These general trends obtain likewise for both the ZB
culated using standard pseudopotenti&B) and our SIC pseudo- and W compounds. Similar effects on lattice constants and
potentials(SIC-PB in comparison with experimental data from Ref. pylk moduli by inclusion of SIC have been observed previ-

48. ously for bulk Ce(Refs. 28 and 3lland bulk Ge(Ref. 39 as
Table V PP SIC-PP Expt. well.
znoV  a 3.23 3.29 3.25
c 5.18 5.29 5.21 V. SUMMARY AND OUTLOOK
B 1.60 1.59 143 We have reported the construction of SIC and SIRC
s a 3.71 3.83 3.82 pseudopotentials for 11-VI compound semiconductors. The
c 6.06 6.28 6.26 SIC-PPs, as compared to standard PPs, yield considerable
B 1.02 0.83 0.76 improvements in the electronic structure of these compounds
Zns®  a 5.25 5.42 541 and they turn out to yield very reliable structural results for
B 1.01 0.81 0.76 RS, ZB, andW II-VI compounds. While the SIC-PPs are
CdO®  a 4.65 4.78 4.70 most appropriate for the calculation of the ground-state en-
B 1.72 1.52 ergy of these solids they are not yet accurate enough to pre-
cds’ a 4.03 4.15 4.13 cisely describe semicom-band positions and gap energies
c 6.54 6.76 6.70 since they do not fully incorporate electronic relaxation.
B 0.87 0.74 0.61 Electronic relaxation is then accounted for in our SIRC-PPs
cds® a 5.69 5.85 5.82 and they yield band-structure energies that are in gratifying
B 0.87 0.70 agreement with experiment. Not only tlieband positions
cds¢’ g 4.21 4.29 4.30 are satisfactorily described but also the gap energies in the
c 6.86 7.02 7.01 more ionic compounds, for which our approximate approach
B 0.75 0.62 0.55 is suited best, are in favorable agreement with the data.
Cdsé® a 591 6.07 6.05 Small deviations remain only between calculated and mea-
B 0.79 0.66 suredd-band position_s and gap energies for more povalent
CATE® a 6.26 6.40 6.48 compounds, most not_lceably for selenides and teII_und_es. For
B 0.79 052 these our approximation to calculate the SIC contributions to

the pseudopotentials by employing atomic orbital-charge
densities instead of the solid-state orbital-charge densities

. , becomes less appropriate. There are ways to further improve
total energy resulting from full SIC-LDA calculations. ., this point and we are working on it.

Therefore the analogous approximation of the.to_tal S!C—LDA The ideas and concepts developed in this paper are appli-
energy of the bulk system by Eq23) and (24) is justified.  capje when appropriately generalized, to other classes of
Omitting the AE; term, on the contrary, leads to very inap- gyjigs as well, as we plan to discuss in a future publication.
propriate results both for pseudoatoms and for solids. Also for bulk NaCl, SiC, and GaAs we obtain considerable
improvements in their electronic properties when calculated
with our pseudopotentials. The improvements are most pro-
. ) _hounced for the more ionic compounds NaCl and SiC and
We have applied the total-energy formalism describedsomewnhat less impressive for GaAs. Even for Si or diamond
above to calculate lattice constants and bulk moduli for a Seanprovements result within our current approach but they are
of W, RS, and ZB II-VI compounds. Of course, the usualyg|atively small as compared to those for the 11-VI com-
ion-ion term is included in these calculations, as well. Forpounds, as was to be expected. Other very intriguing classes
comparison we have calculated the respective quantities alsg solids that are most promising for an application of our
within the standard pseudopotential LDA approach. Our reg|c. and SIRC-PPs are transition metals and transition-metal
sults are compared in Table VI with experimental dtin oxides.
general, we first notg that the lattice constants resulting from Tpe key feature of our SIC- and SIRC-PP approach is the
our SIC-PP calculations are some 2% larger than those react that it allows for straightforwardb initio LDA calcula-
sulting from standard PP calculations. In particular, the latyions of structural and electronic properties of semiconduc-
tice constants resulting with our SIC-PPs agree considerablyyrs and insulators yielding results which agree very satisfac-
better with experimentexcept for ZnO and Cdthan the  tqyjly with the available experimental data. Nevertheless,

PP results. For most compounds considered they agree witiey are not more involved than any “state of the art” LDA
experiment to within better than 1%. The increase of thesgiculation for these solids.

lattice constants induced by SIC are related to the respective

weakening of thep-d hybridization. An increased binding of

the cationic semicord states gives rise to a weakening of ACKNOWLEDGMENT

the chemical bond and a concomitant increase of the bond

lengths and lattice constants. For the same reason the bulk We acknowledge financial support of this work by the
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with V" and agree considerably better with experimentContract No. Po 215/9-1.

B. Results of total-energy calculations
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APPENDIX: SEPARABLE PSEUDOPOTENTIALS Scheffler® In these pseudopotentials the highest angular
LDA

omponent is used a¥,.,. For the cations we use the
Eseudopotentials from the tables of Bachelet, Hamann, and
Schliter®? In order to avoid ghost states and in order to
FRate a very smooth local part ¥k2* we have chosen the

=0 components a¥}2A for the cations. We obtain the

In this appendix we briefly present the representation o
: DA SIC SIRC

the nonlocal pseudopotentlaY$Sa + Vpsar Vpsa » andV, as
separable pseudopotentials. Separable pseudopotentials,
suggested by Kleinman and Byland&@re commonly used
to reduce the computational load of ab initio pseudopo- . B . :
tential calculation. In order to obtain a specific nonlocalrad"”‘_l\\;VL"?‘D\,/\e fll_J: Ctloﬁ}\ . frpm tge solution of(A3) with
pseudopotential in separable form, each angular momenturfies) = Vpsi - ThusU="is given by
(I component is first separated into a local and a nonloca]h LDA 1)
(nl) part. !
Vool (1) = Vigal(r)

T REPAOIVE ()~ Via(D TR (1 r2dr 72

Vps,l =Vigcart Vlnl . (A1)

The choice of the local part is arbitrary. The separable
Kleinman-Bylander form is given by (AS)

, , The SI ial
Via(r,r")=Vigea(r)d(r—r") e SIC pseudopotentia

! Vo= ViR + svPi© (AB)
* e! I) Ps, ps:
* Z m§_| UI(NDRI(NY) m(©,0) Y[ (0", ¢ consists of the standard pseudopotential addressed above and

the additional SIC contribution as detailed in Sec. Il B 1. As

XU (r" )R (r). (A2)  local part of Vg5 we have chosen the local part of the stan-
The Y, are spherical harmonics ai(r) are solutions of ~dard pseudopotentia 24 . We obtain the corresponding ra-
the radial Schidinger equation dial wave functionsR>'“ from the solution of(A3) with
P Vps)=Vpe - ThusUP' is given in this case by
+
—arzt T Vesi(D FRIND=ErRy(r)  (A3) US(r)= Vo) = Vigeai(1)

| - * SIC SIC _ \s/LDA SIC, 2 1/2*

for a standard pseudopotential. The are defined by L] REZHOIV s (1) = Vigeal(N JRFHT)T dr](A7)

Vs (1) — Vieca(r) The SIRC pseudopotentials including electronic relaxation
(see Sec. Il B 2can be treated exactly the same way when
SIC

L1 RE(D)Vpos (1)~ Vioeal DIRY(D)r 20T ee e .
Our calculations are carried out employing Gaussian basi\s/pS” is replaced bys,” and the wave function&™ are

SIRC
sets. The resulting potential matrix elements of the local parEepIaced YR,

of (A2) are evaluated by transforming,,., into a Fourier _The nonlocal terms in the potential, which are re- .
representation. The remaining integrals involving two Gaus—qulred to calculate the total energy of the bulk system using

sians and a plane wave are solved analytically. The matri 9.(24), are short ranged by construction. Thus in this case

elements of the nonlocal potential are evaluated as describedoca! is zero and the respectivg, is simply given by
in the Appendix of Ref. 5.

U,(r)= (A4)

In our standard LDA calculations we use for the anions U(r)= e V,(r)SIC 17 (A8)
the pseudopotentials from the tables of Gonze, Stumpf, and [ RETHOVI(HDR(r)redr]
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