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Relativistic separable dual-space Gaussian pseudopotentials from H to Rn
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We generalize the concept of separable dual-space Gaussian pseudopotentials to the relativistic case. This
allows us to construct this type of pseudopotential for the whole Periodic Table, and we present a complete
table of pseudopotential parameters for all the elements from H to Rn. The relativistic version of this pseudo-
potential retains all the advantages of its nonrelativistic version. It is separable by construction, it is optimal for
integration on a real-space grid, it is highly accurate, and, due to its analytic form, it can be specified by a very
small number of parameters. The accuracy of the pseudopotential is illustrated by an extensive series of
molecular calculation§.S50163-182808)05628-9

[. INTRODUCTION In this paper we give the parameters of dual-space Gauss-
ian pseudopotentials for all elements from H to Rn. In con-
Pseudopotentials are a well-established tooalninitio  trast to Ref. 5, all pseudopotentials are now generated on the
structure calculations of molecules and solids. First, by rebasis of a fully relativistic all-electron calculation, i.e., by
placing the atom by a pseudoatom, the number of orbital§0lving the two-component Dirac equation. The generaliza-
which have to be calculated is reduced, and, second, the si#@n of the norm-conservation property to the relativistic case
of the basis set can substantially be reduced because tRgoposed by Bachelet and Scted is used for the construc-
pseudo-wave-functions are smoother than their all-electroHon. We also introduced some slight modifications of the
counterparts. In addition, relativistic effects which are rel-analytic form of the pseudopotential. The parameters are
evant for heavier elements can be included in the pseudop@iven in the context of the local-density approximation. Even
tential construction, so that a nonrelativistic calculation carthough the parameters change only slightly if the pseudopo-
reproduce these. tential is constructed within the framework of a generalized
In 1982, Bachelet, Hamann, and Sdbiti published a list ~gradient approximatioft** (GGA) functional, we found that
of pseudopotentials for all elements up to Pu, that has founfnolecular properties are less accurately described if LDA
widespread application. There have been many attempfdseudopotentials are inserted in a molecular calculation us-
since to improve the pseudopotential transferability and theitnd GGA’s. Since it is not possible to construct pseudopo-
numerical efficiency. One major advance was the introductential tables for all current GGA schemes, a program that
tion of a Separab|e form by Kleinmann and By|anaeh,at can construct pseudopotentials for the most common GGA'’s
significantly reduces the computational effort for the calcu-can be obtained from the authors.
lation of the nonlocal part, especially when using a plane-
wave basis set. Gonze, Stumpf, and Schéfﬁlmestigated Il. FORM OF THE PSEUDOPOTENTIAL
the Kleinmann-Bylander form carefully and computed & list
of pseudopotentials for many elements up to Xe. Goedecker, The local part of the pseudopotential is given by
Teter, and Hutter proposed a dual-space Gaussian-type

pseudopotential which is separable and satisfies an optimal- —Zion r 1/ r\?

ity criterion for the real-space integration of the nonlocal Vied(I)= erf 2 +9XI{—§ r_) }

part. For large systems there is only a quadratic scaling with 2Moc loc

respect to the system size if the integration of the nonlocal 2 4 r\6

part is performed on a real-space grid, compared to a cubic X|C1+Cy |_ +C3 |_ +C4 r) , (D
oc [o]o} 0oC

scaling if a Fourier space integration is ugedd. contrast to
most other pseudopotential construction methods, the autho\tﬁ.n
of Ref. 5 also included unoccupied orbitals in their method,of the atomic core, i.e., the total charge minus the charge of
t_Phereby getr;]erating Ihti_ghl}[( trans&erab:e tpSIeUdODOtfmiilﬁhe valence electrc!)n‘s.”The nonlocal contributigir,r’) to

ey gave the nonrelativistic pseudopotential parameters s
the i‘/irgt two rows of the perigdic sysptem, andpshowed thfﬁhe pseudopotential is a sum of separable terms
their pseudopotentials give highly accurate results in molecu- 3 3 4
lar calculations. They obtained results which are much closer " | L onlirrvwyx (o
to the quasi-exact all-electron LD/Refs. 7 and 8 (local- Vi(rr )_21 2:1 m;. Yim(D)Pi (RGP ()Y (T,
density approximationvalue than what is obtained in all- 2
electron calculations with a standard Gaussian &*3basis
sets. In other words, the errors due to the pseudopotentigthereY, , are the spherical harmonics, ahdhe angular
approximation were much smaller than the errors in an allimomentum quantum number. The projectp}(sr) are Gaus-
electron calculation introduced by incomplete basis sets. sians of the form

ere erf denotes the error functiof,, is the ionic charge
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2r!+2i-1) exy{ - )
2r,

pi(r)= — (3)
r|l+(4il)/2\/1-( |+ 4'2_1)

wherel” denotes the gamma function. The projectors satisfy
the normalization condition

| eloplnrzar=1. @

It is a special property of our pseudopotential that it also
has an analytical form if expressed in reciprocal space. The
Fourier transform of the pseudopotential is given by

L N0)=
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p!(r) can be calculated analytically, and for the relevan
cases one obtains
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In both real and Fourier space, the projectors have the
form of a Gaussian multiplied by a polynomial. Due to this
property the dual-space Gaussian pseudopotential is the op-
timal compromise between good convergence properties in
real and Fourier space. The multiplication of the wave func-
tion with the nonlocal pseudopotential arising from an atom
can be limited to a small region around the atom as the radial
projectorsp!(r) asymptotically tend to zero outside the co-
valent radius of the atom. In addition, a very dense integra-
tion grid is not required, as the nonlocal pseudopotential is
reasonably smooth because of its good decay properties in
Fourier space.

for the nonlocal part. The Fourier transform of the projectors The use of this form for the pseudopotential is also very
tadvantageous if atom-centered basis functions are used in-

stead of plane waves. Because of the separability all three-
center integrals are products of two-center integrals, and so
only these two-center integrals have to be calculated. If
atom-centered Gaussian-type orbitals are used, these two-
center integrals can easily be evaluated analytically.

In the relativistic case the spin orbit coupling splits up all
orbitals withI>0 into spin-up and spin-down orbitals with
an overall angular momentunmj=1*x1/2. So for each
angular-momentunh>0, one spin-up orbital and one spin-
down orbital with different wave functions and pseudopoten-
tials exist. Following Bachelet and Schéu’ we give a
weighted average and difference potential of these potentials.
The average pseudopotential is conveniently defined as

1
Vi(r,r')y= m[|v|—1/z(r,r')+(| + L)V yAr,r')]
(16)

weighted by the different degeneracies of the- 3 orbitals.
The difference potential describes the spin-orbit coupling,
and is defined as

SO, Yy — 2 N _ '
AVPE(r,r’) —2|+1[V|+1/2(r,f )=V r,r’)].
(17)

The total pseudopotential is then given by
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eigenvalues and charges of several orbitals, rather than pro-

V(r,r’):V|oc(r)5(r—r’)+2| Vi(r,r")+AVPArr')L-S,  ducing pseudo-wave-functions that are identical to their all-
(18) electron counterparts beyond some cutoff radius. Therefore,

the wave functions of the pseudoatom and the all-electron
whereV,,(r) andV,(r,r’) are now scalar relativistic quan- atom approach each other only exponentially. Nevertheless
tities but with the same forfEgs. (1) and(2)] as the non- the difference is very small beyond the core region, as can
relativistic case. To expres‘svlso(r,r’), we also use Eq2) been seen from Fig. 1. A second consequence of our fitting

just replacing theh!j by different parameters! [ ie., procedurg is that, contrary to most other pseudopotentjal
’ ’ construction methods, the local part of our pseudopotential

3 3 4l does not correspond to a certain wave function.
AVPArr)=2 2 2 Y m(DPiIDK () YF(F). Itis a special feature of our method that we fit our param-
i=1j=1m=-| eters directly against the all-electron eigenvalues and

(19 charges, rather than fitting analytical or numerical potentials
Neglecting the contributions fromvlso(r,r’) in Eq. (18) that reproduce pseudo-wave-functions, which themselves are

gives an average potential that contains all scalar parts of th%onstructed from _thelr all-glect_r on counterparts. Therefore,
our pseudopotentials require significantly fewer parameters

relativistic pseudopotential, whereas the total potential con: .
. Pse P 2 P than those tabulated by Bachelet, Hamann, and Satiu
tains relativistic effects up to order-. . ) :

During the generation of our pseudopotentials we found that
there is in general no single minimal parameter set that gives
lll. DETERMINATION OF THE PSEUDOPOTENTIAL the best overall pseudopotential for one atom. This finding is

PARAMETERS different to the former study of Ref. 5, where only the first
o rows of the Periodic Table were considered. We always

The parameters of the pseudopotentials were found by’ L R "
ied to use a minimum parameter set, which is sufficient to

minimizing the differences between the eigenvalues and th duci he desired f the fitted ei I
charges within an atomic sphere of the all-electron atom an{fProducing the desired accuracy of the fitted eigenvalues

the pseudoatom. In most cases the radius of the atomﬁnd charges. Identical parameter sets were used for compa-

sphere was taken to be the covalent radius of the atom. FSfPIe elements, i.e., the same parameter set was used for all

consistency we always performed a fully relativistic calcula—3d or 4? elements, r(_aspectivelly. l;l'hg fittin%.of the pseudcl)-
tion for the all-electron atom, even when relativistic effectsPOteéntial parameters is numerically demanding, as many lo-

are negligible. The exchange and correlation energy was caf@! minima exist, so that sometimes up to some fieudo-

culated with the functional given in Ref. 5 This functional POtential evaluations are necessary until one finds good

reproduces very well the Perdew-Wahdunctional, but is Pﬁfamﬁrtﬁ'; fvaluss. We used ah slow Simplex—Downr;]iII
much easier to compute. To ensure transferability of thé!90rt or the optimization, that proved to be muc
pseudopotential, we also considered the next two or threB10r€ robust than more sophisticated methods. The pseudo-

higher unoccupied orbitals for each angular momentum, angotential parameteri,c was set by hand, except for the first
the lowest orbital of the next two unoccupied angular mo-"OW: because this parameter is not easily accessible by our

menta. However, in our calculations we never exceedeffting procedure. For many elements we generated and

| .o=3. The atom was put in an external parabolic confiningteSted pseudopotentials with different valuesrgf. After

potential to have well-defined unoccupied orbitals. TheS€l€ction of the optimum pseudopotentials, thigvalues for
pseudopotential parameters given in Table | typically reprol_he _e_lements in between were interpolated so that no discon-
duce the eigenvalues of the occupied orbitals, with an errofnuities occur.

of less than 10° a.u., and for unoccupied orbitals to within

102 a.u. Pseudopotentials containing semicore electrons IV. SEMICORE ELECTRONS

(Sec. IV are an exception, as the errors for the semicore

orbitals are usually larger than for the valence orbitals. In For many atoms there is no unambiguous separation of
many cases we found it unnecessary to include all unoccihe electronic system into a well-isolated core and valence
pied orbitals in our fitting procedure. For most cases theshell. For example, it is well known the-1 p levels of the
inclusion of only the first unoccupied orbital for an angular heavy alkali atoms are relatively shallow in energy and ex-
momentum results in comparably good results for the foliended in space. Thed3wave functions of the @ elements
lowing higher unoccupied orbitals. Nevertheless we alwaygire strongly localized, so that there is a significant overlap
checked all-electron eigenvalues, and pseudoeigenvalues awith the 3(s,p) wave functions, although the latter are much
charges of the unoccupied orbitals to verify this. lower in energy than thedBand 46,p) valence wave func-

It was already discussed in Ref. 5 that our fitting proce-tions. The same is true for theddand 5 elements. Analo-
dure vyields pseudopotentials that obey the normgously, the 4 wave functions of the # elements are so
conservatioff condition, and meets several additional localized that they overlap with thesSand 5 wave func-
conditions*~® such as extended norm conservation andions. In all these cases, where a non-negligible overlap be-
hardness, thereby leading to pseudopotentials of a very higlween valence and core wave functions exists, the frozen-
guality. In Table Il we give the transferability errors for sev- core approximation underlying the construction of all
eral excited and ionized states for some elements. pseudopotentials is not well satisfied. One way to overcome

The construction of our pseudopotential differs somehowthis problem is the inclusion of a nonlinear core correcffon
from the usual method because we fit the pseudopotentighat considers the contribution of the core charge to the
parameters that give the best overall representation for thexchange-correlation potential. Another, more straightfor-
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TABLE I. LDA pseudopotential parameters in atomic units. The meaning of the entries is given in the

text.

H
He
Li

Lis¢
Be

Be>©

Ne

Na

Na*¢

Mg

MgSC

Al

N

10

0.200000
0.200000
0.787553
0.666375
1.079306

0.400000
0.739009
0.528797
0.658153

0.325000
0.433930
0.373843
0.360393

0.348830
0.304553
0.232677

0.289179
0.256605
0.270134

0.247621
0.221786
0.256829

0.218525
0.195567
0.174268

0.190000
0.179488
0.214913

0.885509
0.661104
0.857119

0.246318
0.141251
0.139668

0.651812
0.556478
0.677569

0.210950
0.141547
0.105469

0.450000
0.460104
0.536744

—4.180237
—9.112023
—1.892612
1.858811
—0.005895
0.000019
—14.034868
—2.592951
3.061666
0.092462
0.000129
—24.015041
—5.578642
6.233928
0.000000
0.000878
—8.513771
9.522842
0.000000
0.004104
—12.234820
13.552243
0.000000
0.003131
—16.580318
18.266917
0.000000
0.004476
—21.307361
23.584942
0.000000
0.015106
—27.692852
28.506098
—0.000090
0.010336
—1.238867
1.847271
0.471133
0.002623
—7.545593
36.556987
—10.392083
0.038386
—2.864297
2.970957
1.049881
0.005152
—19.419008
40.316626
—10.891113
0.096277
—8.491351
5.088340
2.193438
0.006154

0.725075
1.698368
0.286060

9.553476
0.354839

17.204014
0.804251

1.228432

1.766407

2.395701

3.072869

4.005906
—1.076245

0.582004

1.125997

1.329941

2.871331

2.679700

0.000000
0.003947

—1.766488

—3.326390

0.084370

0.165419
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TABLE I. (Continued

Si 4
P 5
S 6
Cl 7
Ar 8
K 1
Ks¢ 9
Ca 2
Ca*® 10
Sc 3
Sc¢ 11
Ti 4

0.440000
0.422738
0.484278

0.430000
0.389803
0.440796

0.420000
0.361757
0.405285

0.410000
0.338208
0.376137

0.400000
0.317381
0.351619

0.950000
0.955364
1.086411

0.720606

0.400000
0.294826
0.322359

0.800000
0.669737
0.946474

0.526550
0.390000
0.281909
0.310345
0.904330
0.750000
0.597079
0.847994
0.454653
0.385000
0.359707
0.243234
0.252945
0.720000

0.528411
0.791146

—7.336103
5.906928
2.727013

0.000373

—6.654220
6.842136
3.282606

0.002544

—6.554492
7.905303
3.866579

0.005372

—6.864754
9.062240
4.465876

0.010020

—7.100000

10.249487
4.978801
0.016395

0.914612
0.315462
—0.004343
—1.529514
0.000354
—4.989348
11.238705
5.256702
0.015795

1.645014
0.585479
—0.003362
—3.032321
0.000814
—4.928146
12.352340
5.722423
0.021701
0.016806
0.000371

1.835768
0.784127
—0.008463
—3.859241
0.001430
7.425036
6.119585
6.376618
0.083053
—8.020892
0.004812

1.866613
0.967916

3.258196
0.000000
0.014437

3.856693
0.000000
0.017895

4.471698
0.000000
0.022062

5.065682
0.000000
0.025784

5.602516
0.000000
0.029171

0.287551
0.068194
0.010261

—0.756048
7.067779
0.938947

0.048923

1.523491
0.126329
0.012779

—1.232854
7.657455
0.923591

0.056661

1.734309
0.246733
0.020913

—0.489852

—2.563453

—6.016415
0.093017

1.440233
0.260687

—0.300224

0.295996

1.418483

3.658172
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TABLE I. (Continued.

Tise 12
\Y 5
vse 13
Cr 6
Crs¢ 14
Mn 7
Mns¢ 15
Fe 8
Fe‘ 16

0.408712
0.380000
0.334235
0.242416
0.242947
0.690000
0.514704
0.743504
0.374890
0.375000
0.326651
0.246407
0.240792
0.660000
0.498578
0.719768
0.354341
0.370000
0.306011
0.241090
0.219577
0.640000
0.481246
0.669304
0.327763
0.365000
0.280753
0.254536
0.221422
0.610000
0.454482
0.638903
0.308732
0.360000
0.269268
0.247686

0.223021

—0.009333
—4.826456
0.002010
7.548789
6.925740
5.079086
0.122395
—9.125896
0.005822

2.208670
1.115751
—0.010973
—5.841633
0.002717
4.941291
7.659390
4.256230
0.156408
—8.828518
0.006548

2.400756
1.145557
—0.013176
—6.615878
0.003514
5.113362
8.617835
3.161588
0.169781
—11.157868
0.009007

2.799031
1.368776
—0.013685
—7.995418
0.004536
6.748683
9.379532
0.371176
0.164188
—12.115385
0.009590

3.016640
1.499642
—0.014909
—9.145354
0.005722
5.392507
10.193723
0.145613
0.201450
—12.026941
0.010322

0.025291

—0.588377

—3.142005

—6.284281
0.057447

1.896763
0.286649
0.030816

—0.096443

—3.892229

—5.941212
0.008030

2.072337
0.278236
0.035625

—0.646819

—4.137695

—5.032906
0.000411

2.486101
0.316763
0.042938

—0.576569
—5.575280
—4.229057
—0.039396

2.583038
0.326874
0.049793

—0.030066
—6.834982
—5.234954
—0.075829

3.076377

2.952179

2.565630

3.257635
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TABLE I. (Continued.

Co

Co*°

Ni

NiSC

Cu

Ccu®

Zn

ZnSC

Ga

Ga*°

17

10

18

11

12

13

0.580000
0.440457
0.610048

0.291661
0.355000
0.259140
0.251425
0.221665
0.560000
0.425399
0.584081
0.278113
0.350000
0.245105
0.234741
0.214950
0.580000
0.843283
1.089543
1.291602
0.530000
0.423734
0.572177
0.266143
0.570000
0.640712
0.967605
1.330352
0.510000
0.400866
0.539618
0.252151
0.560000
0.610791
0.704596
0.982580
0.490000

0.384713
0.586130

3.334978
1.634005
—0.017521
—10.358800
0.007137
3.418391
11.195226
—0.551464
0.207915
—12.075354
0.011475

3.619651
1.742220
—0.020384
—11.608428
0.008708
3.610311
12.161131
—0.820624
0.269572
—13.395062
0.013538

0.975787

0.024580
0.010792
—0.065292
—0.000730

3.888050

1.751272
—0.024067
—12.676957
0.010489

2.088557

0.163546
0.012139

0.010486
0.000225

4.278710

2.023884
—0.025759
—14.338368
0.012767

2.369325

0.746305
0.029607

0.075437
0.001486

4.831779
1.940527

2.873150
0.356083
0.058766

0.482078
—7.845825
—4.639237
—0.108249

3.088965
0.386341
0.068770

0.449638
—9.078929
—6.029071
—0.143442

—0.822070
—0.249001
—0.006734

3.276584
0.374943
0.076481

—0.218270
—0.227086
—0.004876

3.627342
0.431742
0.090915

—0.249015
—0.513132
—0.000873

4.238168
—0.299738

3.091028

3.058598

—0.133237

2.290091

—0.941317

2.849567

—0.551796

2.833238
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TABLE I. (Continued

Ge 4
As 5
Se 6
Br 7
Kr 8
Rb 1
Rb®¢ 9
Sr 2
Sie¢ 10

0.026949 0.031400
0.240803 —15.795675
0.015503
0.540000
0.493743 3.826891 1.100231 —1.344218
0.601064 1.362518 —0.627370
0.043981 0.009802
0.788369 0.191205
0.002918
0.520000
0.456400 4.560761 1.692389 —1.373804
0.550562 1.812247 —0.646727
0.052466 0.020562
0.685283 0.312373
0.004273
0.510000
0.432531 5.145131 2.052009 —1.369203
0.472473 2.858806 —0.590671
0.062196 0.064907
0.613420 0.434829
0.005784
0.500000
0.428207 5.398837 1.820292 —1.323974
0.455323 3.108823 —0.632202
0.074007 0.068787
0.557847 0.555903
0.007144
0.500000
0.410759 5.911194 1.967372 —1.458069
0.430256 3.524357 —0.691198
0.087011 0.086008
0.517120 0.629228
0.009267
1.096207 0.847333 —0.748120
0.955699 0.887460 0.903088 —0.006750
1.156681 0.461734 0.336113
—0.043443 0.057876
0.664323 —1.362938
0.003708
0.490000 4.504151 —0.741018
0.282301 9.536329 9.486634
0.301886 2.209592 5.475249
—0.867379 1.237532
0.514895 0.449376
0.008685
1.010000 0.684749 —0.062125
0.837564 1.200395 0.926675 —0.315858
1.174178 0.439983 0.018267
0.004022 0.022207
0.743175 —1.386990
0.002846
0.480000 5.571455 —1.079963
0.275441 9.995135 9.336679
0.302243 3.169126 4.049231
—0.576265 0.990062
0.502045 0.43728

0.008991
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RELATIVISTIC SEPARABLE DUAL-SPACE GAUSSIA . ..

TABLE I. (Continued.

YSC

Zr

ZrSC

Nb

NbSC

Mo

MOSC

Tc

11

12

13

14

0.900000
0.782457
0.949864

0.653851
0.475000
0.414360
0.406442
0.513304
0.750000
0.649998
0.874408
0.630668
0.470000
0.396540
0.388558
0.520496
0.724000
0.699708
0.846672
0.516072
0.460000
0.393708
0.403626
0.513644
0.699000
0.678126
0.800771
0.453384
0.430000
0.376255
0.361734
0.525828
0.673000
0.677612

0.784275

0.519890

—0.343891
1.520655
0.780950

—0.043336

—1.256930

0.009198
13.217914
2.522621
—0.569552
0.251526
—1.571003
0.012450

—0.782611
1.739877
1.018294

—0.057486

—1.173911

0.009380
15.782342
2.571767
—0.794123
0.301247
—1.548402
0.013187
4.021058
1.532651
0.609675
—0.080816
—2.696830
0.025653
13.505394
3.222025
—0.822037
0.246821
—1.489848
0.014064
7.995868
1.289607
0.301412
—0.104124
—2.809708
0.068972
16.237452
3.362426
—0.379571
0.378681
—1.543211
0.014460
13.315381
0.819218
0.028673
—0.080760
—5.984224
0.026025

1.484368
0.368739
0.079989
—0.075368
—0.011657
1.353178
—4.363769
—3.020044
—0.077005
0.627616
—0.007507

2.388208
0.528223
0.104495
0.212179
—0.011973
0.433648
—4.714509
—3.172114
—0.098654
0.826127
—0.010136

1.428264
0.596788
0.125243
—1.694967
—0.031541
0.752434
—4.599342
—2.247366
—0.086659
0.823817
—0.012055

0.998113
0.741615
0.153906
—6.820946
—0.075591
1.496536
—5.289276
—4.067713
—0.124561
1.074388
—0.014769

0.348460
0.658363
0.140668
0.721822
—0.041776

—0.189013

1.205349
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TABLE I. (Continued.

Tc¢

Ru

Ru*®

Rh

RKF°

Pd

PcF°

Ag

Agsc

Cd

15

16

17

10

18

11

0.430000
0.369721
0.357772

0.510487
0.647214
0.625656
0.746425
0.440358
0.430000
0.364084
0.364053
0.495850
0.621429
0.598079
0.709586
0.369207
0.420000
0.350052
0.350253
0.496950
0.596000
0.582204
0.688787
0.442835
0.410000
0.342151
0.343111
0.494916
0.650000
1.012705
1.235842
1.016159
0.570000
0.498900
0.630009
0.387660
0.625000

0.828465
0.972873

14.910011
3.917408
—0.270000
0.340791
—1.586709
0.015790
8.687723
1.637866
0.639012
—0.095454
—4.883365
0.046652
13.582571
4.480632
—0.320372
0.337322
—1.597870
0.017773
5.397962
2.242111
1.155278
—0.114357
—1.053058
0.135036
15.225012
4.715292
—0.504694
0.389629
—1.685594
0.018875
5.209665
2.411076
1.227253
—0.136909
—4.377131
0.033797
15.720259
5.177686
—0.372561
0.406984
—1.608273
0.020374
—2.376061
0.897931
0.130081
0.019692
—0.038842
0.009455
1.017053
2.990284
1.813968
—0.201869
—3.420076
0.045193
—1.796838
1.485292
0.469208

1.046381
—5.268399
—3.737771
—0.065948

1.132307
—0.016485

1.329335
0.650376
0.164257
—3.063746
—0.061808
0.596227
—5.268679
—3.059714
—0.103467
1.165495
—0.019725

2.151597
0.704846
0.193923
—10.923960
—0.127750
0.415911
—5.805525
—3.373040
—0.122856
1.387707
—0.022837

2.318920
0.758021
0.220805
0.413271
—0.047798
0.140765
—5.852819
—3.258728
—0.110764
1.446609
—0.026732

—0.748323
—0.277495
—0.006821

3.912395
1.304450
0.319708
—1.019949
—0.051565

—0.424753
—0.448111

0.029787

2.205847

—0.407986
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RELATIVISTIC SEPARABLE DUAL-SPACE GAUSSIA . ..

TABLE I. (Continued.

CoP®

InSC

Sn

Sb

Te

Xe

Cs

12

13

1.240949
0.550000
0.491505
0.598565
0.377874
0.610000
0.770602
0.858132
1.088691
0.530000
0.474081
0.559819
0.360488
0.605000
0.663544
0.745865
0.944459
0.590000
0.597684
0.672122
0.856557
0.575000
0.556456
0.615262
0.805101
0.560000
0.552830
0.562251
0.794325
0.560000
0.507371
0.541024
0.729821
1.200000
1.224737
1.280478

1.107522

0.037714 —0.002009
0.065412
0.003109
2.382713
3.207932 4.140963
1.940150 1.515892
—0.241409 0.376830
—4.190072 —0.770156
0.049329 —0.058835
2.865777
1.256194 —0.397255
0.494459 —0.380789
0.066367 —0.005563
0.129208
0.004448
2.395404
3.554411 4.754135
2.223664 2.035278
—0.306488 0.479435
—4.566414 —0.773785
0.058765 —0.073414
4.610912
1.648791 —0.141974
0.769355 —0.445070
0.103931 0.005057
0.225115
0.007066
6.680228
1.951477 0.037537
0.970313 —0.466731
0.139222 0.023513
0.300103
0.009432
9.387085
2.046890 —0.029333
1.033478 —0.481172
0.172997 0.050641
0.317411
0.010809
14.661825
1.338054 —0.834851
0.674496 —0.577787
0.213967 0.093313
0.224345
0.010180
12.734280
2.236451 —0.403551
1.130043 —0.752764
0.236603 0.108473
0.280131
0.013362
0.611527 0.239830
0.244893 0.227279
—0.107627 0.138132
—0.542163

0.003259

1.584234

—0.278329

1.565040

—0.576546

—0.786631

—0.881119

—0.467438

—1.132507

—0.294024
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TABLE I. (Continued.

Cs*

Ba

Ba™©

Lasc

ce*

prec

NdSC

pre

10

11

12

13

14

15

0.540000
0.456821
0.362467
0.761462
0.333507
1.200000
1.016187
1.249880
0.937158
0.540000
0.514776
0.375190
0.665403
0.304920
0.535000
0.551775
0.476308
0.626672
0.299310
0.535000
0.521790
0.470324
0.703593
0.306717
0.532083
0.526850
0.458897
0.747610
0.300773
0.529167
0.503000
0.467013
0.325290
0.294743
0.526250

0.489879
0.472260

35.234438
—0.282378
—2.696733
—2.748528

0.183754

0.010841

—17.948259
0.004760

0.922593
0.447168
—0.041017
—0.718934
0.005321
24.478653
1.046729
—0.202439
—0.415083
0.378419
0.017660
—18.795208
0.006151
19.909308
1.293272
1.172527
0.524623
0.328377
0.020900
—18.269439
0.007193
18.847470
1.321616
0.972641
0.463710
0.074241
0.013265
—17.214790
0.007568
18.424739
1.012621
1.117060
0.314280
0.017571
0.010905
—17.897119
0.008547
17.815030
1.529110
0.721553
—0.214396
—0.543240
0.611413
—18.520228
0.009598
18.251723
1.308978
0.160512

—3.318070

—2.780956

—2.290940
1.815069

0.763495
0.151081
0.088800

—2.500850

—0.977217
0.680331
0.599763

—1.474830
—1.121819
—0.828810
—0.030901

—0.765636

—1.700444

—1.451337
0.090257

—0.657669

—1.717982

—1.852109
0.350982

—0.594798

—2.153732

—1.647499
1.100446

—0.492107
—2.507751
—1.565305

0.000000
1.204825

—0.333465

0.000000
0.927065

0.029857
0.142077

0.000000
0.012566

0.000000
—0.165254

0.000000
—0.832670

0.000000
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TABLE I. (Continued.

Snre

Eu°

GoP©

Th*e

DySC

Ho®¢

Erse

16

17

18

19

20

21

22

0.473709
0.291527
0.523333
0.479677
0.490598
0.470840
0.284040
0.520417
0.469043
0.445907
0.490038
0.278401
0.517500
0.462014
0.456953
0.482368
0.273390
0.514583
0.448694
0.424220
0.482809
0.268260
0.511667
0.440590
0.434642
0.467229
0.261670
0.508750
0.432212
0.420138
0.447131
0.254992
0.505833

0.419948
0.414455

—0.339955
—0.429952
0.064044
—19.305057
0.010619
17.206792
1.723635
—0.082403
—0.240300
—0.410630
0.063352
—19.984292
0.011924
17.373516
1.763638
0.518046
0.252258
—0.426120
0.051028
—20.946528
0.013267
17.512556
1.551856
—0.058347
0.535540
—0.562601
0.053128
—21.923490
0.014666
17.603616
1.718481
0.562400
—0.008725
—0.625802
0.051754
—22.911697
0.016197
16.994331
1.940320
0.014315
—0.124371
—0.668924
0.058286
—23.922358
0.017938
16.781570
2.052797
0.253295
0.895947
—0.742863
0.069483
—25.197211
0.019830
17.105293
2.144503
0.054087
1.255135

1.359017

—0.532803

—2.659367

—1.111009
1.200867

—0.648468

—2.916932

—2.135186
0.584324

—0.719534

—3.068703

—1.697711
0.022024

—0.828080

—3.435239

—2.781827
1.144007

—0.955298

—3.559798

—2.046238
1.327404

—1.173514
—3.674534
—2.355289
—0.275149

—1.430953
—3.984203
—2.294477
—0.891960

—1.145883

0.000000
—1.054041

0.000000
—0.480586

0.000000
—0.054301

0.000000
—0.860425

0.000000
—1.092142

0.000000
0.205729

0.000000
0.749717
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TABLE I. (Continued.

Tms®

YbSC

Lus®

Hfs

Ta

Ta°

WSC

23

24

25

12

13

14

0.418385
0.249126
0.502917
0.413373
0.409923
0.392870
0.243917
0.500000
0.402309
0.414358
0.444025
0.238298
0.497000
0.391206
0.393896
0.436518
0.232629
0.560000
0.422810
0.472681
0.426388
0.744000
0.581801
0.770646
0.534370
0.550000
0.421853
0.461345
0.410994
0.719000
0.582463
0.742307
0.534959
0.540000
0.418570
0.449555

0.399602

—0.999006
0.091862
—26.696809
0.021783
17.247293
1.947196
—0.094493
2.045370
—1.353308
0.119299
—28.104159
0.023833
17.357144
2.120771
—0.923212
—0.349470
—0.889967
0.070076
—29.932854
0.025718
17.037053
2.184678
—0.719819
0.152450
—1.173245
0.072130
—31.852262
0.028006
5.134801
2.564442
—1.025275
0.607504
1.459363
0.222119
3.623116
2.005338
0.518567
—0.485635
—2.202200
0.086716
4.546236
2.708136
—0.724853
0.649992
1.348495
0.205344
4.058450
2.161166
0.600973
—0.509800
—2.517063
0.075772
4.800251
2.692204
—0.702084
0.715480
1.177436
0.205860

—1.627697
—4.121556
—2.224087
—2.347237

—1.773916

—4.802990

—1.678540
2.074295

—1.661610

—5.432346

—2.723799
1.395416

0.529191
—6.013732
—1.872548
—0.331637
—5.282764
—0.121283

3.027036
1.185378
0.695148

—1.666675
—0.094635

0.779422
—5.790959
—2.215211
—0.336371
—5.386947
—0.102353

2.741500
1.299943
0.751739

—0.789137
—0.086193

0.901544
—6.022637
—2.451680
—0.385339
—5.553621
—0.100046

0.000000
1.902736

0.000000
—1.814297

0.000000
—1.238744

1.109760
0.000000
—0.121021

0.947663
0.000000
—0.101322

1.218316
0.000000
—0.077093
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TABLE I. (Continued.

3655

Re

Re*

Os

Os*

Irs¢

Pt

PE°

Au

AUSC

15

16

17

10

18

11

0.693000
0.509816
0.745839

0.500954
0.530000
0.403252
0.440951
0.390395
0.667000
0.510307
0.717553
0.487586
0.520000
0.410578
0.422395
0.380252
0.641000
0.509960
0.684971
0.471745
0.510000
0.404469
0.411426
0.376428
0.616000
0.520132
0.658976
0.451243
0.500000
0.409942
0.398652
0.367964
0.650000
0.919308
1.140351
0.590000
0.521180
0.630613

0.440706

8.180816
2.269379
0.496693

—0.370589
—3.689630
0.111557

5.592660

2.760720
—0.900546
0.788715

0.875251
0.209737

9.440459
2.402367
0.499523

—0.430746
—4.142035
0.116941
5.613073
2.785758
—0.590006
0.870817
0.880133
0.216440
10.720016
2.445999
0.461792
—0.565347
—4.545484
0.127199
4.904509
3.243278
—0.380574
0.930121
0.754315
0.219517
11.027417
2.447430
0.408453
—0.763296
—4.552295
0.146912
5.445832
2.994366
—0.225181
1.017060
0.632067
0.226472
—1.963712
1.539599
0.471229
0.039349
11.604428
2.538614
0.394853
—0.960055
—4.719070

3.528529

0.925829
0.616765
—1.894601
—0.131595

0.943957
—6.396415
—2.511211
—0.489984
—5.672543
—0.102862

3.046706

1.053284
0.701752
—1.666100
—0.139761

0.921955
—6.692130
—3.018323
—0.412886
—5.732892
—0.103221

2.811037

1.304726
0.859620
—1.635428
—0.151950

1.313786
—7.315509
—3.504403
—0.379865
—5.875580
—0.112145

2.640360

1.647716
1.065883
—2.102396
—0.169306

1.156382
—7.448772
—3.776974
—0.348213
—5.755431
—0.114346
—1.698123
—0.468779
—0.497538
0.132970

2.701113

2.057831
1.296571
—1.650429

0.868732
0.000000
—0.017012

2.247034
0.000000
—0.139506

2.956978
0.000000
—0.262716

4.243095
0.000000
—0.331919

—0.792039
—0.209758
—0.153427
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TABLE 1. (Continued.

Hg

Hg$C

Tl

TIs

Pb

Bi

Po

At

Rn

12

13

0.640000
0.812108
1.053714

1.100000
0.570000
0.521802
0.621648
0.401894
0.630000
0.754005
0.903742
1.063512
0.550000
0.502423
0.572016
0.393185
0.617500
0.705259
0.846641
0.971939
0.605000
0.678858
0.798673
0.934683
0.592500
0.647950
0.748947
0.880468
0.580000
0.627827
0.709823
0.838365
0.570000
0.615182
0.676697

0.788337

0.148484
—3.296329
1.765041
0.474056
0.092330
0.120638
0.020931
2.134572
3.293920
2.100960
0.084989
—1.669886
0.155759
—1.235846
1.875766
0.759668
0.168641
0.247614
0.022941
7.301886
3.326560
1.272807
0.012233
—3.200652
0.186849
0.753143
1.979927
0.864420
0.207711
0.374967
0.029256
6.679437
1.377634
0.655578
0.305314
0.378476
0.029217
10.411731
1.144203
0.594562
0.396354
0.433232
0.033886
13.520411
0.945557
0.527078
0.480774
0.468948
0.037544
14.629185
0.981832
0.612279
0.549896
0.557746
0.045488

—0.169493

—0.466127
—0.531816
—0.001118

4.661001

1.689988
0.072771
—2.473265
—0.122282

—0.303680
—0.586721
0.004459

4.341390

2.992206
0.031664
—3.008296
—0.170651

—0.164960
—0.540969
0.012948

—0.513697
—0.402932
—0.023134

—0.735851
—0.353595
—0.031462

—0.965903
—0.318821
—0.034954

—1.038963
—0.344122
—0.023760

—0.799941

0.000000
0.653348

—0.781337

0.000000
1.019164

—0.806060

—0.471028

—0.339386

—0.190429

—0.120456
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TABLE II. Transferability errors. ’

Element state AE (Ha) Error (Ha)

C 2s12p33d° 0.3073 —0.40x10°3
2s?2p%3d®  0.4294x10°? 0.11x10°3
2s22pt3d° 0.3612 —0.44x1073
2s?2p23d? 0.3882 0.95x10°4

Si 3s'3p33d° 0.2529 —0.20x10°3
3s?3p%3d® —0.5293x10°? 0.38x10°* .
3s23p3d° 0.2673 ~0.28x10°3 — Z
3s523p23d? 0.2462 0.43x10°* E= g

Ge 4st4p®ad® 0.2970 —0.48x10°3 = 2
4s24p3%d°® —0.1682<10°!  0.58x10°* = =
45%4pt4d° 0.2681 —0.23x10°° g §
45%4p244? 0.1879 0.52x10°4 BR &

Sn 5s5p35d° 0.2605 ~0.40x10°3 = o
5s25p35d°  —0.2482<10°1 0.46x10°4 = -
5s?5p*5d° 0.2510 —0.35x10°°
5s°5p25d* 0.1084 0.34x10°*

Pb 65'6p36d° 0.3181 —0.35x10°°
6s°6p%6d® —0.3587x10° ! —0.41x10°°
6s?6p6d°® 0.2505 —0.46x1073
6s’6p6d*  0.7216x10°* 0.33x10°4

Ti 4s'4p'3d? 0.1198 —0.17x1073
4524p°3d° 0.1166x10" —0.47x107? 0 ; : 5 ; :
45°4p°3d° 0.3258x10! -0.10 r (a.u.)
4s?4p*3d>  0.3593x10°*¢ 0.65x10°*

Tis¢ 4st4p3d? 0.1198 —0.37x10°4 FIG. 1. Relativigtic aII-eIectr_or(soIid line) wave function and
4524p°3d° 0.1166x 10" —0.31X10°2 pseudo-waye-functlor(dashed ling c_)f the valence electroqs of
4504p°3d° 0.3258< 101 . 0.28%10°2 gold._The_dlfference between them is shown by the dotted line on a
4524p'3d?  0.3593<10°? 0.15x10°3 logarithmic scale.

electrons of the completely fillethd shell are treated as

ward, solution is the explicit inclusion of the semicore elec-semicore electrons.
trons into the pseudopotential. In this work we decided on For all elements mentioned above semicore wave func-
the second method. This ensures that our semicore pseuddsns improve the description of highly positive charged ions.
potentials still can be used with programs where nonlineain Table 1l the transferability error of two Ti pseudopoten-
corrections are not considered. In addition, the explicit incluials is listed for several states. For most states the calculated
sion of the semicore electrons ensures that our pseudopoteexcitation energies are much closer to the all-electron values
tials still work well for systems where nonlinear core correc-for the Ti semicore pseudopotential, including treahd 3
tions fail. It is unnecessary that the eigenvalues and chargeemicore electrons. This is most significant for the
distribution of the semicore wave functions have the sames®4p®3d° state, which corresponds to a*Tiion. For the
accuracy as the valence wave functions of the pseudoatome pseudopotential the error is 0.1 hartree, but odl28
We always tried to generate semicore pseudopotentials witk 102 hartree for the 1€ semicore pseudopotential.
semicore pseudo-wave-functions that are as smooth as pos- Pseudopotentials with semicore wave functions always re-
sible, but still yield accurate results for the valence wavequire higher computational effort. They contain more elec-
functions. Therefore the error for the eigenvalues of semitrons, and larger basis sets are necessary for a sufficient de-
core wave functions for our pseudopotentials is withinscription of the localized semicore wave functions. In many
1073-10"2 a.u., which is about three orders of magnitudeapplications like molecular structure calculations semicore
worse than the typical error for the valence wave functionspseudopotentials yield converged results with comparably

The choice of which electrons are treated as semicoremall basis sets even if the calculated total energy is still far
electrons also depends on the required accuracy. As we wefiom its converged value. Therefore the inclusion of semi-
interested in generating pseudopotentials that can be usedre electrons does not inevitably require the use of ex-
together with plane-wave basis sets within a reasonable contremely large basis sets. In fact, in our molecular calculations
putational effort, we tried to include not too many semicorethe highest plane-wave energy cutoff was needed for calcu-
electrons into our pseudopotentials. Our semicore pseudoptations with the fluorine pseudopotential which has no semi-
tentials for the group la and lla elements, the transition meteore electrons at all.
als of groups llIb—VIllIb, and the lanthanides treat time-(1) In many cases it is not quite clear if semicore electrons
s and the i—1)p electrons as semicore electrons. For theplay an important role or not. For most applications the need
elements of groups Ib, llb, and llieexcept B and A), all  to use semicore pseudopotentials depends on the required
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TABLE IIl. Comparison of bond lengths of molecules calculated with our pseudopote(fi&B and
obtained withcAaussiAaN 94or NumoL (Ref. 21 (AE) and the experimental data. AdlAusSIAN 94 calculations
were done with a 6-3H +G(3df,3pd) basis set if not otherwise mentioned. Bond lengths are given in

bohr.
Molecule PSP AE Expt. Ref.
H, 1.447 1.447 1.401 21
Li, 5.100°¢, 5.016 5.120 5.051 21
LiH 3.029° 2.929 3.029 3.015 21
Be, 4.516° 4.497 4510 4.63 22
BF; 2.477 2.469 2.470 23
BH 2.363 2.371 2.373 21
CH, 2.072 2.072 2.052 24
C,H, r(CC) 2.263 2.270 2.274 23
r(HC) 2.028 2.030 2.005 23
N, 2.067 2.070 2.074 21
NH; 1.932 1.932 1.912 23
HCN r(CN) 2.169 2.174 2.179 25
r(HC) 2.038 2.039 2.013 25
H,O 1.836 1.834 1.809 23
co 2.127 2.130 2.132 21
co, 2.196 2.195 2.192 23
F, 2.622 2.613 2.668 21
HF 1.764 1.760 1.733 21
CH,F 1(CP 2.605 2.592 2.612 23
r(HC) 2.082 2.082 2.069 23
Na, 5.76 5.64 5.818 21
NaH 3.534¢ 3.381 3.529 3.566 21
Mg, 6.31 6.41 7.351 21
MgH 3.318°¢ 3.279 3.313 3.271 21
AlH 3.140 3.174 3.169 21
SiH, 2.808 2.820 2.795 26
Sio 2.827 2.861 2.853 21
SiF, 2.922 2.952 2.936 23
P, 3.547 3.542 3.578 21
PH, 2.696 2.704 2.671 27
PN 2.789 2.808 2.871 21
S, 3.595 3.608
H,S 2.553 2.558 2.524 23
cs 2.882 2.897 2.901 21
cS, 2.918 2.930 2.934 23
cl, 3.725 3.742 3.756 21
HCI 2.436 2.440 2.409 21
CH,CI r(CCl) 3.330 3.331 3.374 23
r(CH) 2.072 2.072 2.060 23
K, 6.936 7.358 7.413 21
KH 2.200°¢, 2.969 2.303 2.307 21
CaH 3.706¢ 3.187 4.128 3.783 21
ScH 3.304¢ 3.182 3.300
ScO 3.116° 3.109 3.152 21
TiO 3.018°¢ 2.840 3.02b 3.062 21
VO 2.943¢ 2.845 2.959 3.003 21
CrO 2.955° 2.903 2.99% 3.052 21
MnO 2.996¢ 2.991 3.032 3.114 28
FeO 2.958 2.99% 2.97 21
CoO 2.932 3.037 3.024 29
NiO 3.027 3.038

NiH 2.726 2.787 21
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TABLEL lll. (Continued.

CuO
CuH
Cu,
ZnO
ZnH
GaH
GaO
GaF
GeH,
GeO
As,
As,
AsH;
H,Se
Se
Se (Cy)
SeQ
Br,
HBr
CH;Br r(CH)
r(CBr)
BrF
BrF; r,(BrF)
r,(BrF)
Rb,
RbH
SrH
Srl2
SrO
ZrO
RhC
PdH
AgH
A
CdH
InH
SnH
SnO
SnS
Shy
SbCk
Te,
H,Te
HI
I
Cs
CsH
BaH
IrC
PtH
PtC
AuH
HgH
TIH
TICI
PbH

3.153¢ 2.749
2.73%¢ 2.463
4.086 3.472
3.157¢ 2.886
3.010¢ 2.858
3.176°¢ 3.095
3.167¢ 3.022
3.376¢ 3.183
2.861
3.010
3.912
4551
2.875
2.783
4.089
4.142
3.041
4.296
2.701
2.069
3.636
3.326
3.437
3.289
7.67r° 7.333
4.368°¢ 3.072
4.009°¢ 3.522
5.560¢, 5.327
3.59%°
3.235°¢ 2.848
3.027
2.865
3.023¢ 2.688
4.717°¢ 3.760
3.323¢ 3.108
3.504°¢, 3.394
3.331
3.401
4.123
4.624
4.414
4.824
3.146
3.073
5.029
8.479°¢, 7.976
4.630¢ 3.171
4.176¢ 3.403
3.324
2.872
3.612
2.898¢ 2.424
3.278°¢, 3.067
3.600°¢, 3.440
4.472
3.433

3.178
2.758
4.118
3.161
3.028
3.173
3.173
3.367
2.896
3.074
3.951
4573
2.887
2.788
4.097
4.146
3.045
4.299
2.705
2.063
3.635
3.322
3.434
3.285

3.512

3.15%
3.078

3.258
2.765
4.195

3.013
3.143

3.353
2.882
3.118
3.974
4.602
2.855
2.759
4.076

3.038
4.314
2.670
2.052
3.653
3.318
3.420
3.252
7.956
4.473
4.053
5.69
3.630
3.234
3.049
2.889
3.056
4.67
3.329
3.473
3.373
3.473
4.174
4.70
4411
4.832
3.133
3.031
5.039
8.783
4.713
4.217
3.180
2.888
3.371
2.879
3.284
3.534
4.81
3.475

21
21
21

21
21

30
23
21
21
23
23
23
21

30
21
21
23
23
21
23

31
21
21
23
21
21
21

21
21
21
21
21
21
21

33
21
23
21
21
34
21
21
21
21
21
21
21
21
21
21
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TABLE 1l (Continued.

PbS 4.237 4.526 22
PbCl 4.552 4.609 34
BiH 3.374 3411 22

8GAUSSIAN 94 with 3—21G basis set.
PcaussIAN 94 with 6 —311+ +G(3d,3pd) basis set.
‘Reference 20.

accuracy and necessary computational effort, and should mmputational resources are limited. These pseudopotentials
tested carefully. Therefore we constructed both types ofequire only small basis sets which is sometimes a necessity
pseudopotentials for most elements where semicore electroffigr the study of large systems.
can play a significant role in electronic structure calculations. Our calculated bond lengths containing only first or sec-
ond row atoms also agree to within one or two thousandths
V. MOLECULES of a bohr to those obtained with nonrelativistic versions of

) ) these pseudopotentials that have already been pubtished
We tested our pseudopotentials by calculating the bonggitferences in the case of HCN are due to the choice of a

lengths of a large number of molecules. In all calculationsgifferent simulation box This clearly demonstrates that

we used our scalar relativistic pseudopotentials, neglectings|ativistic effects do not influence the bond lengths for these
the terms for spin-orbit interaction. Whenever possible wenolecules on a relevant scale.

tried to determine values for the bond lengths, that are con-
verged to~10"2 bohr. To obtain this high level of accuracy,
extremely large boxes and high plane-wave energy cutoffs VI. PARAMETERS

were needed, so that for some molecules the accuracy of the |, the following we list the parameters for all elements up
calculations was limited by our computational resources. Thgy R, The entries in Table | have the following meaning:
calculated bond lengths, together with their experimental
values, are listed in Table Ill. As a reference for the quasi-

. Element Z; r C C
exact LDA value, we also list the bond lengths calculated on fe G2 C2 Cs Gy

with GAUssIAN 94 (Ref. 19 using a 6-31G ro hfy h3, h3,
+ +(3df,3pd) basis setfor the 3d elements, nd polariza- r hi . h% , h% 5
tion functions have been usedVith a few exceptions the N N N
values calculated witlsAUsSIAN 94agree within a few thou- kip Kz, Kis
sandths of a bohr, with the LDA results published by Dick- r, h%, h2, h2,
son and Becké&® and therefore should be close to the LDA S
limit. For some molecules where no high precision basis sets ki1 Koo Kis

are available, we took the all-electron results from Dickson

and Becke. To estimate the error arising from the pseudopo-

tential approximation, our calculated values should be comonly the nonzero parameters are shown in Table I. Param-

pared with these LDA results rather than with the experimeneters for elements marked wigc correspond to semicore

tal bond lengths. Unfortunately exact LDA values for pseudopotentials. In order to keep the table as small as pos-

molecules containing heavier elements often are not avaikiple, the Coefﬁciemg! ; and k!j of the nonlocal projectors

able because of the lack of a sufficiently accurate basis sefor j#j are not listed. To obtain the full parameter set, the

~ The bond lengths calculated with our pseudopotentlalsmissingh!Y]_ andk!,j have to be calculated from ; andk! ;.

|nclud|'ng semicore electrons Where_ necessary, agree VeRfe relevant equations for te ; are

well with the all-electron values obtained wiiaUSSIAN 94 .

The error of the pseudopotential approximation for first row

atoms is nearly ten times smaller than the LDA error, and for 1 /3

the heavier elements at least comparable to the LDA error. In h? ,=— E\éh%z (20)

all cases except for the non-semicore pseudopotentials, the

accuracy relative to the exact LDA value is, however, better

than the results obtained with standard Gaussian &*31 1

basis sets, and it is comparable to or better than the results h‘1)’3=§ 2—1hg'3, (22)

obtained with other all-electron methods. It must be men-

tioned that our results especially for molecules with heavier

elements are not exactly comparable to the values obtained 1

with GAUSSIAN 940r the values of Dickson and Becke, as our e .=—Z=

pseudopotentials also include relativistic effects. 2
For some non-semicore pseudopotentials, the error in the

calculated bond lengths is quite large. Nevertheless these

pseudopotentials may still be of interest for electronic struc- hl —_ E 5h1 (23)

ture calculations if no high precision is required, or if the L2e 2 22

hgs. (22)
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, 1 [35 gives the equations fd{!'j. We found that the treating all
hl,szg ﬁhs,aa (24 h!yj for i+ as independent pseudopotential parameters does
not improve the results.
1 114 |
h2s=—5% \/T1h3'3' (25 VII. SUMMARY

We developed a complete set of relativistic LDA pseudo-
potentials for the whole periodic system up to Rn. The
5 1 \/7 ) pseudopotentials are easy to use as only a few parameters are
hi,=— oh (26)  necessary. All terms for both Fourier and real space are
given analytically, and no tabulated functions are needed.
The pseudopotentials are highly accurate and transferable,
1 /63 and have been tested in extensive atomic and molecular cal-
h? .==\/=—zh? (27)  culations.
' ' Gaussian-type pseudopotentials for other exchange corre-
lation functionals or gradient-corrected functionals can easily
be constructed using our LDA parameter sets as an initial

h2 - h2 29) guess. The necessary programs are available from the au-
232 143 3% thors upon request.
hij=hj,. (29) ACKNOWLEDGMENTS
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