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Band structures of rare-gas solids within theGW approximation
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Band structures for solid rare gadde, Ar) have been calculated using t8&Vapproximation. All electron
and pseudopotentiab initio calculations were performed using Gaussian orbital basis sets and the dependence
of particle-hole gaps and electron affinities on basis set and treatment of core electrons is investigated. All
electronGW calculations have a smaller particle-hole gap than pseudopoté&ifiatalculations by up to
0.2 eV. Quasiparticle electron and hole excitation energies, valence bandwidths and electron affinities are
generally in very good agreement with those derived from optical absorption and photoemission

measurements.
DOI: 10.1103/PhysRevB.71.195103 PACS nunt®er71.20—b, 78.20.Bh, 78.46-q, 79.60-i
[. INTRODUCTION core electron® and was found to give excellent agreement

Optical spectra and band structures of rare gas soligwith experiment for relatively narrow band-gap materials,
(RGS have been studied, both experimentally and theoretisuch as Si, where DFT results in an indirect band gap that
cally, for over 40 years. Their importance lies in the simplic-underestimates the experimental value-b§.7 eV.
ity of their crystal structure, the nearly atomic character of All electron GW calculations have been performed re-
valence states versus extended character of conduction statesntly for a variety of crystalline solids, including 8?4
and the fact that they have strong many-body effects in theifjost all electronGW calculations of indirect band gaps of
optical spectra. They are an important testing ground foij202223nderestimate the experimental value of 1.17 eV by
electronic structure methods and as electronic structurg§ 2_p.3 eV. There has been some debate whether this is due

methods have developed, they have been applied to RGg, jncompleteness of the bafisr explicit inclusion of the
Early electronic structure studies included applications of.;e  electrons (all electron rather than PP

density-functional theory;® (DFT), Hartree-Fock theofy’
(HFT), and self-interaction corrected DETSome of these
studies have included correlation effects in the band structu
via many-body perturbation theohy.>7°

In this paper we present results al initio all electron .
and pseudopotential many-body calculations of the ban&natlons for the core elgctrons. . . .
structures of solid Ne and Ar using Gaussian orbital basis The remainder of ,th's paper 1s organgd as'follows: n
sets. Band structures are calculated using B&V Sec. Il theGW formalism used here Is outlined, in Sec. Il
approximatiod®13and the dependence of particle-hole gapsresult_s of GW band-s_tructure caICL_JIatlons are compareql to
and electron affinities on basis set and treatment of core ele€xPeriment and earlieBW calculations on Ne and Ar. Fi-
trons is investigated_ In another paﬁe’\/e will present re- na“y, conclusions are given in Sec. IV. The basis sets and
sults of calculations of optical spectra of these solids using &eir convergence are presented in the Appendix.
Bethe-Salpeter formalisthCalculations were performed in a
Gaussian orbital basis using tiEciToN code®® which is
interfaced to thecRYSTAL codel® Single-particle wave func-
tions, energy eigenvalues, and matrix elements of the
exchange-correlation potential frooRYSTAL are used b¥x- A. Quasiparticle energies
CITON to performGW and exciton calculations. The principal
parameters of the band structures of RGS, which have been cqnceptually, single electron and hole excitations are de-
obtained experimentally, are the particle-hole band Bap scribed by
the valence bandwidti\y,, and the electron affinit{E,. The
particle-hole gap is the energy difference for particle and
hole excitations at the conduction-band minimum and
valence-band maximum. It has been obtained experimentally — H(r)yQ"(r) + f S(r,r E)yQR(r)dr = engR7(r). (1)
from  absorption  spectrubfh  and  photoemission
measurements$:°

The GW approximation is a many-body perturbation : -
theory and theegfore contains correctio)rqs to gs?mpler, single--rhe self-en.ergy operatok(r,r',E), is qon-l—!ermltlan, and
particle (SP) Hamiltonian. It was originally applied to semi- therefore eigenvaluesy have real and imaginary parts, the
conductors using a DFT Kohn-Sham Hamiltonian, a planefeal part being the quasiparticle energ§” and the imagi-
wave basis set, and pseudopotentP approximation for ~hary part being related to the quasiparticle lifetime. In this

approximation.2>-2326However, one self-consistent all elec-
rtron GW calculatior?* finds excellent agreement with the ex-
8erimental band gap in Si. In the present work we compare
results for the RGS using both all electron and PP approxi-

Il. GW APPROXIMATION
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work the self-energy operator was computed within @&/ Are? 1 .
approximation'® in which the self-energy operator is ob- Wee (0, @) = Q |q+G||q+G/|SGG’(q'w)’ (7)
tained from convolution of the noninteracting single-particle

Green's functiorGy and the screened Coulomb interactidh  \where() is the crystal volume and;lg

| N metrized RPA dielectric matrix. Numerical evaluation\of
S(r,r’,E)=— j e Gy(r,r',E- o)W(r,r',w)do. (2) and2 [Egs.(2) and(7)] requires calculation and inversion of
2m the dielectric matrix at many values of Such schemes have
Gy is constructed from DFT single-particle orbital§” and ~ been carried out within PRRef. 27 and all electron
eigenvalue€S” of the Kohn-Sham operator calcula_nons?.6 Here, however, the screened interactibhis
P sp gpproxma’ged using a plasmop—pole mt_)del, and _the integral
Gyt )= dn (D~ (') @ N Eq. (2) is evaluated analytically. This is applicable for
o\t ~ - E§P+ |0+sigr(E§P— Er) simple systems with onlg- and p-type orbitals occupied,
such as Ne and Ar. The main shortcoming of the plasmon-
For light elements it has been found that quasiparticle amplipole model is that it is not suitable for accurate calculation of
tudes are well approximated by DFT wave functidhhus,  self-energy matrix elements of high energy bands. However

is the inverted, sym-

quasiparticle energies are simply given by this will not be a major concern here since we are mainly
OP_ 5P sp 0 S interested in valence bands and the lowest conduction bands
Enk = Enie + (Uil S(Enp) = Vad n, 1|0 (4)  for excitonic optical spectra calculatioks.We adopt a

In this case only diagonal elements of the self-energy matri lasmon-pole model based on the work of von der Linden
y diag 9y nd Horsct® which uses the concept of dielectric band

and exchange-correlation potentighdn,] are required. g, g9 1 approximate the frequency dependence of the
Vidn,] is the exchange-correlation potential of the valenceyiejectric matrix. The model assumes that all frequency de-

electron densityn, from the initial DFT calculation. Equa- nengence is projected onto eigenvalues of the inverted di-
tion (4) is solved using a scheme given by Hybertsen an lectric matrix,e_X(w) through the approximation

LouieX? For convenience later on we define the operatdr " ’
to be AX(r,r’ ,E)=3(r,r’ ,E)=V,{n,]. ( 1 1

“1( ) = 1 + 22 - ) 8
Eal (U)) W~ Wy +10* w+wq| -10* ( )

B. Self-energy matrix elements 2

The screened Coulomb interaction is computed from the | h | f . Hie
dielectric function and the bare Coulomb interaction Z are pole strengthsyy are plasmon frequencies, andi

a positive infinitesimal. Eigenvalues of the inverted dielectric
matrix determine the pole strengths, and a plot of their dis-
W(r,r’,w)zf €X(r,r", @ (r,r)dr". (5)  persion with wave vector is known as the dielectric band
structure?® the dielectric band structure for fcc Ar was re-
Two-point functions in a crystal lattice, such as the screenegorted previously® Plasmon pole frequencies are calculated
interaction, have the properfyr+R,r’+R)=f(r,r’), where  using the Johnson sum rul&This leads to two contributions
R is a Bravais lattice vector, owing to translational symme-to the self-energy: an energy independent, Hartree-Fock ex-
try. They may be represented as a Fourier transford? as, change term,

frr)= 2 @O gq(qe @), (6) A7 o s |(Mk|e™ @O |nk + g2
(k|2 mk) = = —=2>7 > . (9)
q,G,G | x| QO ac |q + G|2

whereG is a reciprocal lattice vector arglis a wave vector
in the first Brillouin zone. Fourier coefficients of the where the sum over bands extends only over occupied
screened potentidNgg are given by states. The second, dynamic part

occ

(MK[S.(E)|mi) = ‘%ez > 3

GG N

e (@O nk + g)(nk + g€ @)’ |mk)
la+Glla+G'|

q @l 1
2 E- Enk+q + w—qISigr(EF = ,

X BV oAV o (-0) = (10

contains correlation energies of electron or hole quasiparfiéles.¢ are eigenvectors of the static, symmetrized dielectric
mat”x SGG/(q , (1):0)
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TABLE I. DFT andGWdata for different all electron basis sets. The row labeled AO indicates the number of atomic ¢Atitala the
basis set.

DFT (eV) GW (eV)
Neon
AO 44 48 53 44 48 53
I, -13.16 -13.16 -13.18 -19.05 -19.05 -19.07
e -1.16 -1.41 -1.42 1.37 1.01 0.97
W, 0.69 0.69 0.79 0.91 0.91 0.91
= 12.00 11.75 11.76 20.42 20.07 20.13
Argon
AO 57 61 66 57 61 66
5, -10.12 -10.14 -10.27 -12.91 -12.92 -13.02
e -0.16 -0.64 -0.76 1.62 0.96 0.80
W, 1.31 1.32 1.32 1.80 1.82 1.83
Eq 9.96 9.50 9.51 14.54 13.89 13.82
C. Numerical details Balderesch?® while the singularity in Eq(10) of 1/q type

The starting point in our approach is to generate noninter/as neglelcted since the final result is not affected if it is
acting single-particle Green’s functions of Birelectron sys- neglected’! Two special points in the irreducible Brillouin
tem. We use density functional the@¥y(DFT) within the =~ ZOne were used for calculation of self-energy matrix ele-

Perdew-Wang generalized gradient approximaion Ments and an 888 grid in the full Brillouin zone was
(PWGGA) to obtain eigenvectors and eigenvalues of theuSed for the dielectric matrix calculation. Up to 4@D00 G

Kohn-Sham Hamiltonian. For this part of the calculation weV€Ctors are required to achieve convergence of the Hartree-
employ theab initio packagecRYSTAL,'® which uses the Fock part of the self-energhEq. (9)] for PP (all electron
linear-combination-of-atomic-orbitaléLCAO) approach to basis sets for se_zcond row elements. In the summation@ver
expand the Bloch functions. In order to investigate conver@NdG’ vectors in Eq(10), 65 vectors gave well converged
gence criteria within the Gaussian orbital framework and efesults for all solids.

fects of core electrons, we performed both all electron and
PP calculations for each solid. Basis sets with 52 and 53

functions per atom were developed for PP and all electron

calculations, respectively, for Ne. The PP and all electron When matrix elements of thA% operator are evaluated,
basis sets for Ar contained 56 and 66 functions, respectivebp_ontributions from core electrons to the valence electron self-
Details of basis sets are given in the Appendix. Pseudopotef@1€rgy must be considerétt:?wWe compare results from two
tials from Barthelatet al3® were used in PP calculations. alternative approximations for the energy independent part of
Experimental lattice constaifswere used. Convergence of the AZ operator, which were applied recently in all electron
results with respect to basis set was investigated by develoW calculations on St The first approximation is to com-
ing several smaller basis sets. Positions of valence-banitte matrix elements of the DFT exchange-correlation poten-
maximum(T';5,) and conduction-band minimum stai@,), tial using the v_alence eleptron density only and to restrict the
valence bandwidthsy, and band gapss,, were evaluated SUm on occupied states in E@) to valence states only,

D. Core-valence exchange-correlation decoupling

using several basis sets and results are given in Table |. The - val + val
most sensitive dependence on the choice of basis set is the (k| A |mk) = (mk|c™mk) + (|2, mk)
conduction-band mimimum position iGW calculations. —(mk|V, {n,]jmk). (11

However the difference in that level for the largésg AO) The second approximation is to replace matrix elements of

and smallest44 AO) basis sets for Ne is only 0.04 eV. The the valence-density-only exchange correlation potential
conduction-band minimum for Ar differs by 0.16 eV be- : y-only 9 P '
V.dn,], in Eq. (11) by

tween the 66 AO and 61 AO basis sets, but the difference in
the fundamental gap i<0.1 eV for these two basis sets, (Mk|V,d e + 0, 1mk) — (k|3 qmk). (12)
which suggests that the 66 AO basis set converges the band-

gap well. The valence bandwidth is well converged irGlV ~ The notation(mk|39mk) and (mk|Sy|mk) indicates that
and DFT calculations. The sum owgmpoints in Eqs(9) and  the sum om in Eq. (9) is limited to core or valence states
(10) as well as integration over the Brillouin zone in the only. Matrix elements of the LDA exchange potential and
dielectric matrix calculation is performed using Hartree-Fock exchange operator for valence-band maximum
Monkhorst-Pack’ special points. The singularity in Eg®)  and conduction-band minimum states in silicon obtained by
and(10) of 1/g? type forq— 0 andG=G’=0 was integrated Arnaud and Alouar using a projector augmented wave
out using the auxiliary function technique of Gygi and (PAW) method and in this work usingrRYSTAL are compared
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TABLE II. Matrix elements of the Hartree-Fock exchan@g) and LDA exchange potenti&V/,) operators for self-consistent DFT wave
functions at valence-band maxima and conduction-band minima for Si. The symbuaig core, anch, denote whether core plus valence,
core-only, or valence-only states are included in the operators.

Vy[neg+n,] Eﬁore Vy[n,]
I -11.75 -1.32 -10.18
I'5P -11.74 -1.40 -10.19
[5,2 -13.55 -1.80 -11.45
| PV -13.45 -1.85 -11.46

aThis work.
bReference 21.

in Table Il. Remarkably good agreement was found betweeffor Ne and by 35% for ArGW-PP calculations show signifi-
LDA exchange potential matrix elements from either methodcantly improved agreement with experimental data in each
(differences in matrix elements are only 0.01 eV in three ousolid; the band-gap error is reduced to 6% in Ne and 2% in
of four cases and good agreement between Hartree-FoclAr; slight underestimation of band-gaps in RGS is similar to
exchange matrix elements is also obtairfedthin 0.1 eV). that in semiconductors where a plasmon pole approximation
The shortcoming of the latter approaffiq. (12)] is slow  has been applied. For example, the band gap is underesti-

convergence of the Hartree-Fock exchange operator for cof@ated by 4% in S# The reason for ggod agreement be-
states {mk|S.°"9mk) tween quasiparticle energleE§E and E5", for Ne and Ar
7 X .

(this work) and Sftis that the energy-independent part of the
A3, operator is3Y-V,[n,] for EX” and it is 3¢V
ll. RESULTS AND DISCUSSION -V, dn.+n,] for ES®; the difference in these two quantities is
, ) i of order 0.1 eV and results in nearly equal quasiparticle en-
One of the aims of this work is to compare resultsaW  grgies EQP and ESP. There is good agreement between PP
calculations on simple atomic solids which treat core elecynq gl electron DFT calculations for Ne: the bottom conduc-
trons either by a PP or by explicitly including them in an all tjgn (I';s,) and top valence band’;;) energies and valence
electron calculation. Energies of states at Va'ence'bangandwidths(wu) differ by less than 0.1 eVI';s, and I';,
maxima and conduction-band minima are given in Table lll,quasiparticle energies from all electron calculations lie
as well as fundamental band gaps and valence bandwidttgﬁghﬂy above PP values. The absolute value of the
within DFT andGW approximations and experime@Wall  conduction-band energy, which determines the electron affin-
electron quasiparticle energies obtained by the two coreity has the correct sign in GW calculations and lies just
valence electron decoupling methods outlined in Ha3) 0.4 eV below the experimental value for the electron affinity,
and(12) are given in columns labeleE}} andEZ. DFT-PP  \hereas DFT calculations predict larger electron affinities of
calculations underestimate experimental band gaps by 45%e wrong sign.GW calculations result in valence band-

TABLE IIl. DFT eigenvalues an@GW quasiparticle energies at valence-band maxima and conduction-band minima, valence bandwidths,
and energy gaps for Ne and Ar RGS. Calculations were performed using pseudopotsetiatsl and third columpand all electron basis
sets(fourth to sixth columns The fifth cqumn,E?lf gives all electrorGW data wherV,{n,] is calculated explicitffEq. (11)] and the sixth
column gives quasiparticle energies whégln,] is calculated using Eq12). The last column gives experimental data. Experimental data
is taken from Ref. 17 unless cited differently. Energies are given in electron (eMjs

PP All-electron
DFT EQP DFT EX) EQ) Exp.

Neon

I'is -13.14 -19.37 -13.18 -19.07 -19.10 -20.21

I'ic -1.35 0.86 -1.42 0.97 1.03 13

w, 0.71 0.93 0.79 0.91 0.93 B3

= 11.99 20.23 11.76 20.04 20.13 2151
Argon

Iis, -9.74 -13.15 -10.27 -13.02 -13.00 -13.75

I'ic -0.60 0.72 -0.76 0.80 0.81 0.4

w, 1.35 1.73 1.32 1.83 1.85 R7

E 9.13 13.89 9.51 13.82 13.81 14.15

aReference 19.
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widths ~0.9 eV, which are smaller than the experimentall.7 eV® The two methods used for core-valence decoupling
value of 1.3 e\A? but are in agreement with the value of also result in very similar quasiparticle energies for Ar.
0.99 eV obtained by Bacalist al? The two methods used GWband structures alony and3 symmetry lines for Ne
for core-valence decouplingTable 1ll, columns 5 and 6 and Ar are shown in Fig. 1. Self-energy correctionsxd/
result inT"y5, andT’;. quasiparticle energies which differ by band structures in both Ne and Ar are relatively independent
only ~0.05 eV. of wave vector, leading to scissortype opening of the band
Thel';5, valence-band maximum state in all electron DFTgap on going from DFT tdGW energy bands. DFT band
calculations on Ar is lower than in PP calculations by structures are not shown in Fig. 1 for clarity. Tables IV and V
0.53 eV, whereas thE;; conduction-band minimum state is give a direct comparison of all electron DFT energy eigen-
lower by 0.16 eV. HoweveGW quasiparticle energies for values andGW quasiparticle energies at high-symmetry
these states using either all electron or PP basis sets are points for Ne and Ar and include results from Bacatsal 2
good agreement, the maximum difference being onlyand experiment. The band gap for Ne from a DFT calculation
0.13 eV. TheGW I';; conduction-band energy exceeds thethat used the PWGGA functiondthis work) is in good
experimental electron affinity by 0.4 eV, whereas the DFT agreement with the value reported by Bacalisal? for Ne;
I';; energy again predicts an electron affinity with the wronghowever, the band gap of 9.51 eV for Ar exceeds the value
sign. GW valence bandwidths of 1.7&P and 1.83 eV(all of 8.09 eV from Bacalist al.? significantly. The major dif-
electron agree very well with the experimental value of ference between our calculation and that in Ref. 2 is use of

TABLE IV. Energy eigenvalues in electron volts at high-symmetry points for solid Ne. The reference energy is the valence-band
maximum energy. Results in the second and third columns were obtained using an all electron basis set and valence-core electron decoupling
was done using the method outlined in Efjl). Results in the fourth and fifth columns are from all electron projector augmented wave
(PAW) calculations: The last column presents experimental values.

This work PAWA
DFT GW DFT GW Exp.

Iis, 0.0 0.0 0.0 0.0 0.0
e 11.76 20.04 11.40 16.56 21151
Xa, -0.61 -0.82 -0.67 -0.88
Xg, -0.21 -0.29 -0.23 -0.30
LJ, -0.69 -0.91 -0.75 -0.99 -13
L3, -0.07 -0.10 -0.07 -0.09

Féa:—l"lc 17.85 18.57 18.12 20.51

X1c—T1e 6.78 6.66 6.82 8.12

Lic—T1e 5.57 5.91 6.03 7.21

aReference 2.
bReference 17.
‘Reference 19.
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TABLE V. Energy eigenvalues in electron volts at high-symmetry points for solid Ar. The reference energy is the valence-band maximum
energy. Results in the second and third columns were obtained using an all electron basis set and valence-core electron decoupling was done
using the method outlined in E11). Results in the fourth and fifth columns are from all electron PAW calculafidfise last column
presents experimental values.

This work PAW
DFT GW DFT GW Exp.

I'is, 0.0 0.0 0.0 0.0 0.0
T'ic 9.51 13.82 8.09 11.96 1415
X4, -1.19 -1.65 -1.28 -1.73
X, -0.42 -0.50 -0.46 -0.63
L), -1.31 -1.83 -1.41 -1.92 -1c7
L, -0.14 -0.20 -0.16 -0.20

The—T 6.85 8.21 7.43 8.44

X1e=T1e 2.02 2.04 2.63 3.10

Lic—Tie 2.25 2.56 2.94 3.50

aReference 2.
bReference 17.
‘Reference 19.

the PWGGA functional in this work, while the LDA was tions are in good agreement, although the fundamental band
used in the latter. Replacing the PWGGA by the LDA in ourgap predicted by all electron calculations is smaller than that
calculation, the valence-band maximum shifts fromin pseudopotential calculations by up to 0.2 eV. Positions of
—-10.27 eV(see Table Il to —9.23 eV, while the conduction conduction band minima for Ne and Ar @W calculations
bands were nearly unaffected, leading to lowering of theare in good agreement with experimental electron affinities
band gap from 9.51 eV to 8.55 eV, which agrees reasonablgo that absolute positions of quasiparticle energy levels in Ne
well with value of 8.09 eV obtained by Bacaki$ al> When  and Ar are reliably predicted in th@W approximation. Fun-
DFT and quasipatrticle energies for NeXaandL points are damental band gaps for Ne and Ar are in good agreement
compared(Table 1V), we find a widening of the valence with experimental gaps from photoemission and optical ab-
bands by approximately 30%. Our results for valence bandorption data where shifts in the gap due to electron-hole
energies and widths are in very good agreement with thosattraction have been subtracted.

reported earlier by Bacalist al? A similar pattern of valence
band widening forGW valence bands in Ne is found in Ar,
and our results are again in good agreement with those of ACKNOWLEDGMENTS

Bacaliset al? The energy difference of the first and second  This work was supported by Enterprise-lreland under
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ness of Gaussian orbital basis setse the Appendixas the

I'>5 state has significant amplitude in octahedral interstitial

regions. Inclusion of interstitial functions in basis séAg- APPENDIX: BASIS SETS

pendiy and optimization of the most diffuse functions re- e construction and use of an appropriate basis set con-
duced thel's, —I'yc energy difference significantly, while gt tes 4 critical factor irab initio calculations and is par-
baS|_s sets with no mtt_arstltlal functions result in a larger Con“ticularly important within a Gaussian orbital framework.
duction band separation and fundamental gap. Apart from minimizing the total energy, which is necessary
for a good quality basis set, one has to ensure that the basis
set contains a sufficient number of basis functions to gener-
ate the virtual space. The need for a large number of conduc-
Band structures of solid Ne and Ar have been calculatedion bands for a well-converged self-energy has been empha-
using theGW approximation. Calculations were performed sized again recentf?. The number of conduction bands can
using experimental lattice constants. Gaussian orbital bastse increased by includinf- and g-type functions into the
sets were used throughout and core electrons were treat®dsis set, but these are not yet available indResTAL code.
either explicitly with all electron basis sets or by pseudopo-Alternatively, extra sets of orbitals were added at interstitial
tentials. Results of all electron and pseudopotential calculasites of the crystal. This improves the flexibility of the basis

IV. CONCLUSIONS
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TABLE VI. Basis sets used in this work. Exponentsspp, andd Cartesian Gaussian orbitals, which were centered on the nuclear site
[(0,0,0 labeled Nuc] and at the octahedral interstitial site of the fcc lat{i@®5,0.5,0.% labeled Octl are tabulated in atomic units. Basis
sets for atomic cores in all electron calculations were conventional quantum chemistry core basis sets and are not given here.

Ne
Nuc. sp
Nuc. d
Oct. sp
Oct. d
Ar-Basis set 1
Nuc. sp
Nuc. d
Oct. sp
Oct. d
Ar-Basis set 2
Nuc. sp
Nuc. d
Oct. sp
Oct d

32.0 16.0 4.0

32.0 16.0 4.0

85.0 34.0 14.0

2.0 1.4 0.47 0.185
1.6 0.8 0.2
0.3
0.3
20 1.4 0.47 0.15
0.8 0.4 0.2
0.47 0.15
0.4
14 0.8 0.39 0.2
1.05 0.79 0.39 0.1
0.61 0.31
0.2

set through the unit cell and attempts to reproduce the highljunctions are combined into a single basis function in a con-

nodal structure of free-electron conduction band states.

tracted basis function by fixing their weights. Here the same

Two techniques were used for constructing basis setexponents as used in contracted basis functions were used,
First, starting from two decay constants, 0.15 and 2.0, geodbut relative weights of different exponents were determined
metrical expansion was used to generate more localized oduring the self-consistent field DFT calculation. The basis set
bitals, interstitial functions were added and the most diffusaused for PP Ne and A(Basis set 1 and all electron Ne
functions were adjusted to minimize the total energy. Thecalculations was of the first type, while all electron Ar cal-
second approach used valence exponents from conventionaljlations were performed using a basis set of the second type
contracted quantum chemistry basis sets. Several GaussiéBasis set 2 These are shown in Table VI.
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