PHYSICAL REVIEW A VOLUME 59, NUMBER 6 JUNE 1999
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In this paper we present results of four-component relativistic density-functional calculations for diatomic
molecules with heavy constituents. The fully relativistic treatment of the electron kinematics is used for a
consistent examination of the importance of gradient and relativistic corrections to the exchange-correlation
energy functional. In agreement with recent scalar relativistic calculations, we find that relativistic corrections
to exchange-correlation functionals give no significant contribution to the binding properties of the investigated
diatomic molecules. On the other hand, the effect of gradient terms is sizable, leading to a clear improvement
of dissociation energies over the standard local-density approximation. The usefulness of gradient contribu-
tions in the highZ regime is nevertheless somewhat questioned by the fact that they overcorrect the small
errors in bond lengths found with the local-density approximafi6i1.050-294®9)04506-0

PACS numbes): 31.15.Ew, 31.15.Ar, 31.30.Jv

I. INTRODUCTION The relativistic form of the LDA(RLDA) for exchange
has been known for a long tini8,4] and the dominant cor-
Density-functional theoryDFT) is a powerful tool for the  rection for the LDA correlation is also availatjlg,6]. How-

discussion of ground-state properties of atomic and molecwever, for atoms it was demonstrateti6] that the RLDA by
lar systemg1,2]. The quality of DFT results depends on the far overestimates the relativistic corrections to the xc energy,
actua”y app“ed form of the exchange-corre|atim) en- in particulal’ for the transveri@etarded BrEDtEXChange. As
ergy functionalE,[n] which provides an effective single- @ consequence, recently also the GGA concept has been ex-
particle description of the xc effects. In general, semilocal xdended to the relativistic domaf], providing explicit rela-
functionals based on the gradient expansion, the so-callell/iStic forms (RGGAS for the most widely used GGAs by
generalized gradient approximatiof6GAs), significantly ~ ecke [9] and Perdew{10]. By comparison with exact

improve results over the standard local-density approxima(—eXChange'Only resul{d1,6] as well as second-order Mer-

tion (LDA). In the nonrelativistic regime both the superior Plesset dgtg, It was shov[la] that these RGGAs give much

performance of the GGA and the competitiveness of DFT"
methods with conventionab initio many-body approaches form of E, n] are directly relevant only in the high-density

have been impressively demonstratec[ZE\. ) regime, i.e., for the innermostore orbitals. Thus the ques-
On the other hand, when one deals with atomic and mog4, arises to what extent these contributions actually affect
lecular systems in which very heavy elements are involved, &ojecular properties. A first study of the impact of relativis-
relativistic description is required. This may be achieved €itjc corrections {oE,. on the band structures of Pt and Au
ther via a fully relativistic four-component formalism or, exhibited small but nevertheless non-negligible effét.
within a weakly relativistic approximation, via a two- or one- However, while in these calculatior, was treated fully
component description based on the decoupling of the larggs|ativistically, the RLDA was used fdE,, which may have
and small spinor components. However, relativistic correcieq to an overestimation. More recently, both the RLDA and
tions not only arise in the context of the kinetic energy func-the RGGA were applied to diatomic moleculds]. It was
tional T¢[n], but, in principle, also affect the form of the found that the relativistic contributions in the xc functional
xc-energy functional. Note that the relativistic correction tohave only a marginal impact on the binding properties of
the xc energy consists of two contributions: On the one handsmall molecules. However, these calculations were based on
insertion of a self-consistent relativistic density II’EQC[I’]] a Sca|ar re|ativistic form Oﬂ-S (neg'ecting Spin_orbit cou-
gives a different result than insertion of a self-consistent nonpjing) and only the exchange part of the RGGA was in-
relativistic density. This effect, which arises from the relativ- ¢|yded. It is the aim of the present contribution to reexamine
istic treatment ofT, is also present for nonrelativistic rep- the findings off 13] within a fully relativistic framework. In
resentations of,n]. The second contribution, which is addition, we investigate the adequacy of the GGA concept
examined here, results from the modification of the funcqr dealing with very heavy constituents, which has recently

tional form of Ex [ n] due to the relativistic kinematics of the peen questioned in a study of the cohesive propertiesdof 5
electrons and the(retarded Breit contribution to the transition metalg14].

electron-electron interaction.

However, the relativistic corrections to the functional

Il. THEORY
*Present address: Sektion Physik, Univétshdinchen, Ther- Relativistic density-functional theorfRDFT), first intro-
esienstrasse 37/IV, D-80333 Mchen, Germany. duced by Rajagopdll5,3], may be established in a system-
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atic fashion on the basis of quantum electrodynamicss functionals oh only [8], which is legitimate in view of
[16,17). The basic quantity in RDFT is the ground-state four-the fact that, for systems not subject to external magnetic

current densityj “(r). While in the most general situatigri fields,f can be understood as a functionalrof6,17]. As a
also contains vacuum polarization contributions, these quareonsequence, the compleij ] reduces to a functional of
tum electrodynamical effects are irrelevant for molecularonly the densityE[ n]. Minimization of E[ n] with respect to
electronic structure calculations, so that here we restrict outhe auxiliary orbitals, leads to the relativistic Kohn-Sham
selves to the no-pair limit of RDFT from the very outset. The equationgRKS),

four current is then represented in termd\béliscrete auxil-

iary single-particle spinorg, {[—ic&ﬁ+(ﬂ—1)m02]+vext(F)+vH(F)+vXC(F)}¢k
(O =30, (D) = ewic ®)
R R R R wherev o, represents the interaction of the electrons with the
i°%N=nn= 2 (1) (T, (2)  nuclear chargeZ,,,
—mc<eys<ep
- Z,.e n(r)
- L (1) == 2 f r, ©)
ih= 3 wlaw. ®) ’ Romt]

andvy is the electronic CoulomkHartree potential,
The no-pair approximation not only eliminates the need for

renormalization for the divergent vacuum contribution§to

but also for the total energy function&] j | which is decom- vy(r)y=e f (10

posed as Ir—
E[j1=Tdi1+Eedi]+ER[i1+Exdi]. (4) Finally, v, is the xc potential, which is defined as the func-

tional derivative of the xc energy functional with respect to
Here T represents the kinetic energy of the auxiliary “par- n,

ticles,”
. OEn
N Uyl = XC[—» ] . (11
Te= J d3r (1) on(r)
-mP<e=ep
o R For E, /[ n] we have examined several combinations. For
X[—ica-V+(B—1)mc]y(r), (5) the nonrelativistic LDA the standard exchange is combined
_ with the Vosko-Wilk-NusaiVWN) [18] parametrization for
Eex the external potential energy, correlation. Accordingly, the RLDA for the exchange energy
[3,4] is used with a relativistic version of the VWN func-
j d3rj °(r)u t(f) (6) tional[14], in which the relativistic corrections are taken into
Eex= & account on the level of the random-phase approximation
RPA),
Ey is the direct electronic Hartree energy, ( )
- f f I RGIAGE) - Ex[n]= f dr[el=(n) Dy o(B) +er M (M PETAB)],
lr—r/| ' (12
andE,. denotes the exchange-correlation enefgyas well ~ Where
asE,. consist of longitudinalCoulombh and transversére- 3@3m 2)13g2 (3m2m) 1
tarded Breit components. However, for closed-shell systems eHEC(n) = n¥3  g= 77 (13)
(as the diatomic molecules considered héne spatial com- X 4 ' mc '
ponents ofj ¥ and thus the transverse contributior&gq van-
ish due to time-reversal symmetry. In addition, the transvers@nd the relativistic correction factof® are given by
Hartree energy is very small for neutral open-shell at@ios 5 _
atomic Au it amounts to-0.25x10°° hartrees). We will (B=1- 3| v1+B° arcsinip) (14
thus neglect this energy in the following. Note tﬁatﬁ does Pxo B B2 ’
not imply that the transverse xc energy also vanisties
gtzonp]ictHg t)he transverse exchange energy is as large as ORP B 1+a,8%In(B)+a,B4+az(1+ B%)2p*
artrees). c,0 - 3 Y3 7
I . ' 1+b In(B)+by,B*+bs[AIn(B)+B
All relativistic xc functionals developed so far are func- 1B7IN(B) + by b Aln(B) ]ﬁ(l

tionals of the densityr only. This is immediately clear for

the RLDA, asj vanishes for the relativistic homogeneous [for the coefficientsa;, b; see Table A= (1—In2)/7* and
electron gagHEG), which is the basis for the RLDA. But B= —0.2037 are known from the nonrelativistic high-density
also the relativistic forms of the GGA have been constructedimit]. For the gradient corrected exchange functionals we



4290

TABLE |. Parameter sets for the relativistic correction factors
(15, 17, 18 of the RLDA and RPW91-GGAthe corresponding
values for RB88 are essentially identical—compigB.

Exchange Correlation
q)I;,Z qu,Z (DR”PA (DCGGA

Parameter PW91 PW91 LDA PWO1

a; 2.2156 3.5122  —2.44968 1.9407

a, 0.66967 0.62525 1.91853 0.14435

as 0.0718854

by 1.3267 1.3313 —1.59583 0.28142

b, 0.79420 0.10066 1.29176 0.004723

bs 0.364044

have used both the BeckB88) [9] and the Perdew-Wang
(PW91) [10] form as well as their relativistic extensions
(RPW91,RB83[8],

EXO= f d*refEn)[Dyo(B)+ g5 AN, (VN)D)D, o B)].
(16)

The relativistic correction factob, , contalns both a longi-

tudinal and a transverse componeft, ,= ® 2+ (I)x 2
L _lrappirapt L aipiraypt an
X2 14biBP+b5pY %2 1+bi2+Dbipt

(parameters in Table).l The (R)B88 GGA has been aug-
mented by the 86 version of Perdew’s GGA for correlation
[19], while in the case ofR)PW91 the appropriate PW91-
GGA for correlation[10] is added. In the latter case also the
relevance of relativistic corrections to the correlation func-
tional is investigated, utilizing a semiempirical relativistic
extension of the PW91-GGJ8],

Econ]= f d’red®An,(Vn))@AB),  (18)
with &S being of the same form aby ,.

IIl. COMPUTATIONAL DETAILS

In our linear combination of atomic orbita(t CAO) ap-
proach the molecular RKS spinog, are expanded in nu-
merical, atom-centered, Dirac spinds,

()= 2 cf™ME(r),

pnkm

.1
(f)=r(

ferYR(Q)
igh (NI’ (Q)

nkm
w

¢ (19

|

with f,g being the radial parts of the large and small spinor

components ang. denoting theuth orbital with main quan-
tum numbem and magnetic quantum numbmar(i.e., u goes
through all centers in the molecule of intepest is the stan-
dard angular momentum quantum number
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—(j+1/2)= for

=

—(1+1) j=1+1/2

j=1—-1/2. 20

for

The RKS equationg8) can then be recast as an algebraic
eigenvalue problem,

Hc=e€Sc (22
with the matrix elements of the RKS single-particle Hamil-
tonian in Eq.(8) abbreviated byH and the overlap matrix by
S.

All matrix elements in Eq(21) are evaluated with the
numerical multicenter integration scheme by Baererads.

To reduce the singularities of the relativistic orbitals origi-
nating from the nuclear potential at the origin, mesh points
and weights are shifted towards smalteralues. This leads
to an accuracy of 10’ even for the most critical matrix
elements.

The most time-consuming step in the self-consistent solu-
tion of Eq.(21) is the calculation of the Hartree potential and
energy. For our numerically given basis functions, direct use
of Egs.(10) and (7) with the density(2) would require two
subsequent three-dimensional integrations on the full inte-
gration grid. To simplify these integrations we use a special
variationally consistent density fit procedui2l]. Decom-
posing the electronic density into a dominant contribution
whose components, are spherical with respect to one of the
atomic centers in the molecule, and a remainder,

n(H=n(r)+Anr); nN=2> f(r-R,), (22
with
J d3rﬁ(F)=fd3rn(F)=N,
leads to a corresponding decompositiorvgfandE,,
n(r
v(N)=oR(r) +ef ( )d3’
=
A
vu(N=e J(—)d3r’, (23
I
Ey=Ey+AEy, (24)
nn(r
va rn( r)dr——JJ (D) )d3rd3r’,
r=r'|
(25)
An(r An
:_ff | 2 1 ) draer 26)
r—r

Both vy, andEy, are easily evaluated, so that we neglegt
—vy and AE, in our calculations in order to enhance the

computational efficiency. The form df, i.e., of thef,,, is
determined by minimizingA E,; and thus the error induced
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TABLE II. Optimized atomic basis sets for the diatomic mo- tives within our calculational schenmiasing numerical basis

lecular calculations. ID is the degree of ionization. functiong is rather time-consuming. On the other hand, the
— xc energy only depends on the density and its first gradient,
Minimal ID of ID of which is much easier to evaluate and much more stable. We

n basis np orbitals nd orbitals have thus solved the RKS equatio(&l) on the (R)LDA
c level. Subsequently, we have inserted the RLDA density and
u 4 S 15 4.0 . . . :

A 5 S 15 40 its gradient into the GGA functionals to calculate the total

Ag 6 < 2'0 5'5 energy. This procedure has been applied by various authors

in the nonrelativistic casgl,23]. Comparison to fully self-
consistent resultavhere these are availabléemonstrates its
- adequacysee, e.g.[9,1] and Sec. IV B. For all calculations
by neglect ofv,—vy andAEy. The details of this modified e have used point nuclei amd=137.036 a.u.

numerical integration scheme and the density fit procedure

may be found if22].

In all molecular calculations we use energy-adjusted basis IV. RESULTS
functions. In a first step we calculate the Born-Oppenheimer _
energy surface with a minimal basis set in order to determine A. Atomic results

the energy minimum. This minimal basis set consists of just Before concentrating on the molecular calculations, we
the valencens orbitals (1=4,5,6 for Cu, Ag, Ay, i.e., ofthe  first check the accuracy of our numerical method in the
orbitals present in the atomic ground state. At the reSU'tingitomic situation. For this purpose we compare our results
energy minimum we add orbitals of slightly ionized atoms. wjth data obtained with a fully numerical, finite difference
In view of the exponentially decaying,. of both the LDA  code for closed-subshelpherical atoms[6]. Evaluated on
and the GGA, the ionization is required for obtaining boundradial grids of 800 mesh points, the finite difference results
unoccupied valence states. The degree of ionization is sulgan serve as exact reference numbers. A detailed analysis
sequently varied to determine that value which minimizesshows that the data from the two codes are very close. For
the molecular energy. Increasiridecreasingthe degree of the gold atom, the eigenvalues of all relevant orbitals
ionization shifts the maxima of thp orbitals inward(out- (1s,/,-65,,) differ by less than 0.04 mhartreésn the LDA
ward), so that in this procedure these maxima are moved tgayel).

the b(_)nding r_eg_ion. This_ procedure i_s; repe_ateotiforbitals. Table 11l shows some energy componefe#saluated per-
The final optimized basis sets are listed in Table Il for thetyrbatively in the case of the GGAWhile the total energies
three elements Cu, Ag, and Au. differ by less than 0.1 mhartrees in the case of the RLDA,

To evaluate the binding energy one has to subtract thgye find a deviation of less than 0.2 mhartree for the RGGA,
total energies of the atoms from the molecular values. Ireyen for the heaviest atom, gold. Most of this error is pre-
contrast to the molecular Ca|CU|atiOI’lS, the minimal basis |%umab|y accumulated in the core region, so that we expect
appropriate for the calculation of the atomic reference €nelthe numerical errors in our energy surfaces to be C|ear|y be-
gieS. A” atomic data were aISO Obtained W|th our moleculaqow 0.01 eV. Note, however, that the Systematic error intro_
col, e o the Sam umericl G 1 o <0 e "0PRluce by neglectng 1 and.E coes ot show up for
is important to note that this implies the use of the LDA/{ e spherical atomic densities considered here.
GGA, rather than the corresponding spin-density functionals,
for the atomic ground states with their unpaiedlectrons.

Finally, we remark that the gradient corrections have been In Tables IV-VI we present the spectroscopic constants
treated in a perturbative fashion, the reason being the faathich we have obtained for GuAg,, and Ay with various
that a self-consistent solution of the RKS equatit8)sn the  xc functionals. For comparison, the results of two scalar-
case of the(R)GGA requires the second derivatives of the relativistic calculations are also listed. Van Lentteal.[24]
density. The highly accurate evaluation of the second derivahave used a scalddauge invariantzeroth-order regular ap-

B. Molecular results

TABLE lll. xc-energy components and total energy of copper, silver, and gold: Comparison of data
obtained with the molecular cod®C) with highly accurate atomic reference resyf<) (the RGGA values
have been calculated by insertion of RLDA densities into the RE®&GA refers to the/c combination
RB88/P86(all energies in hartregs

- Ex - Ec - Etot
RLDA RGGA RLDA RGGA RLDA RGGA
Cu AC 60.93336 65.67777 2.57508 1.52864 1650.92180 1654.61978
MC 60.93334 65.67776 2.57508 1.52864 1650.92179 1654.61977
Ag AC 132.97413 143.21019 4.52446 2.81339 5305.53427 5314.05926
MC 132.97412 143.21017 4.52446 2.81336 5305.53425 5314.05921
Au AC 307.09099 335.73223 8.50599 5.48120 18998.83460 19024.45105

MC 307.09099 335.73233 8.50599 5.48105 18998.83449 19024.45089
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TABLE 1V. Bond length, bond distance, and frequency from TABLE VI. As Table IV for Au,.
various molecular calculations for @uPresent workpw) in com-
parison to scalar relativistic results and experimental data. Functional R. D¢ (up) D, (sp) )
t X ¢ (Bohn (eVv) (eV) (cmY) Ref.
Functional R. D¢ (up) D (sp) )
t X c (Bohn)  (eV) eVv) (cmY) Ref. R RLDA RLDA 4.69 3.65 (3.39 201 pw
SR RLDA RLDA 4.65 2.92 191 [13]
R RLDA RLDA 409 365 (324 301 pw SR RLDA RLDA 464 2.92 193 [24]
SR RLDA RLDA 4.05 2.85 306 [13] R RB88 RLDA 4.89 2.59 172 pw
SR RLDA RLDA 4.06 2.77 298 [24] R B38 LDA  4.88 2.60 172 pw
R RB88 RLDA 429 272 265 pw R RB88 P8 479 311 (274 187 pw
R B8 LDA 429 272 265 pw R RPW91 RPW91 479  3.17 187  pw
R RB88 P86 420 321 (273 283 pw R PW9l PW91 478  3.19 188  pw
R RPW91 RPW9l1 421 3.27 282 pw SR BS8 P86 4.76 2.27 177 [13]
R PWOl PWI1 420 327 283 pw SR B88 P86  4.75 2.26 174 [24]
SR B88 P86 4.16 2.27 285 [13] Expt. 4.67 2.30 191 [27]
SR B88 P86 4.18 2.19 272 [24]
Expt. 4.20 2.05 265 [27]

strictly nonrelativistic DFT calculations, combining a spin-

proximation(ZORA) one-electron Hamiltonian. In this work dependent treatment dis with either the sp or the up ver-
the gradient corrections have been added perturbatively as fons of the LDA/GGA. For instance, for Cu the sp ground-
our calculations. In contrast, Mayet al.[13] have included ~State energy is 0.20 eV lower than the up energy in the case
the gradient terms self-consistently, using a second-ordé¥f the LDA. This difference increases to 0.24 eV for the
Douglas-Kroll scheme fofl,. Both methods neglect spin- B88/P86-(_3GA._Add|ng these corrections to the_up dissocia-
orbit coupling explicitly, while spin-orbit coupling is inher- tion energies yields the numbers in parenthedieis proce-
ently included in our four-component approach. dure is often used to correct for spin-polarized atomic ground
Each of the tables is structured in the following way: In States — see, e.d26]). Note that the bond lengths and zero
the first row (t) the treatment of the kinetic energy, is point energies are not affected by this conceptgal problem,
characterized, with R denoting fully relativistic and SR de-SO that theR, and » values allow for a more serious com-
noting scalar-relativistic calculations. The columns labeledP@riSon between the different calculations. o
with x and c indicate which exchange and correlation func- First of all, we examine the relevance of the relativistic
tionals are used. The bond distandes, dissociation ener- corrections to the xc functionals for molecular data. The x/c
giesD,, and vibrational frequencies have been obtained combinations B88/LDA and PW91/PW91 have been applied
by fitting the numerical energy surface to a Morse potential.bOth in their nonrelativistic and their relativistic forms.
In the case oD, two types of data are distinguished: While L_ooking at _the resulting spectroscopic constants, all three
for the scalar-relativistic calculations without spin-orbit cou- dimers confirm the conclusion of Mayet al. [13] that rela-
pling the spin-dependefisp) versions of the LDA and GGA tivistic corrections toE,Jn] are irrelevant for molecular
have been utilized25], our fully relativistic approach is Properties, their maximum impact being a shift of 0.01 Bohr
based on the unpolarize@ip) forms of these functionals. N Re. We will thus |denF|fy the_ relativistic a_lnd nonrelativ-
Although this conceptual difference does not affect the/Stic forms of all xc functionals in the following.
ground-state energies of the dimers considered here, it leads N€Xt, we compare the scalar and fully relativistic results.
to significant shifts in the corresponding atomic ground-statd ©f €ach dimer both the RLDA and the B88/P86-GGA have

energies, and thus iD,. Its size can be estimated from Deen used by van Lenttet al.[24], Mayeret al.[13], and in
the present study. Van Lentlet al. and Mayeret al. essen-

TABLE V. As Table IV for Ag,. tially agree for all spectroscopic parametdrsithin 0.04
Bohr for R, and 0.08 eV forD.), which emphasizes the
Functional Re De (up) D¢ (sp) o equivalence of the perturbative and the self-consistent treat-
t X c (Bohn  (eV) (eV) (cml) Ref. ment of the gradient terms. Our bond lengths, on the other

hand, are 0.03-0.07 Bohr larger. This trend is somewhat

R RLDA RLDA 478 284 (25) 207 pw  more pronounced for Agthan for Aw, so that it must be

SR RLDA RLDA 4.73 225 209 [13]  attributed to our approximate treatmentmf[ n], rather than

SR RLDA RLDA 4.69 2.28 208 [24]  to the different handling of spin-orbit coupling. As explained

R RB88 RLDA 502 196 175  pw earlier, a comparison of the corresponding dissociation ener-

R B8 LDA 502 196 175 pw gies is not straightforward. Nevertheless, including the spin

R RBS88 P86 491 239 (1.99 191 pw contributions to atomic ground-state energiebtained in

R RPW91 RPW91 4091 2.45 193 pw the strictly nonrelativistic limit in a perturbative manner,

R PW9l PW91 4.90 2.45 193 pw one finds that our binding energies are more attractive than

SR BS8 P86  4.87 1.67 185 [13]  the results of24] and[13]: For Cy, and Ay, our D.'s are

SR B88 P86  4.84 1.71 183 [24] roughly 0.45 eV larger, for Ag0.3 eV. For all three dimers
Expt. 4.78 1.66 192 [27] these differences are essentially independent of the xc func-

tional used, which is a clear hint that the combined neglect of
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vy—oy and AEy, is responsible for these shifts By, (while V. CONCLUSION

a minor contribution to the shifts could originate from the  The results for the Ib diatomic molecules GuAg,, and
different treatment of the spin and relativity Au, summarized in Tables IV-VI clearly show the quality
Finally, we analyze the importance of gradient correctionsof relativistic DFT results available at present. In spite of the
to the xc energy. By successively adding in gradient correcremaining errors, these results demonstrate the predictive
tions for exchange and correlation one finds that the expower of relativistic DFT calculations in the hightegime.
change GGA expands the bonds by roughly 0.2 Bohr, whildn fact, the highly relativistic system Atis as well described
the correlation GGA reduceR, by about 0.1 Bohr. Accom- as the weakly relativistic system guThe relativistic DFT
panying effects are observed D, and w. As the mixed approach thus seems particularly adequate for the description

combination B88/LDA always clearly overestimat&, Of more complex molecular systems with very heavy con-
consistent inclusion of gradient corrections for both the x andtituents. . o .
the ¢ part of the xc functional seems mandatory. As far as the importance of relativistic corrections to the

Xc-energy functional is concerned, our results support the
conclusion of Mayeeet al.[13]: While these corrections are

nations B88/P86 and PW91/PWO91. It is well known that insizable in the individual total energies of molecules and at-
' " " oms, their contributions cancel out in dissociation energies.

general, the LDA underestimates bond lengtasd corre- At least on the present level of sophistication, relativistic

s_pondingly ovgrestimates atomization energies and Vibraéorrections to the xc-energy functional can be safely ne-
tional frequenciesand that the GGA tends to correct theseglected in molecular calculations.

errors. Our results for Guare consistent with this general ™ ginajy our results indicate that for molecules with very
statement: With the LDAR. is found to be roughly 0.1 Bohr  heayy constituents the GGA concept is not quite as success-
too small andD. is about 1.2 eV too largéon the basis of  fy as for molecules with light constituents: While the ener-
the sp values Using the GGAs these errors are reduced bygetics of all dimers considered here are improved by the
about a factor of 2. However, for Agand, in particular, for  GGA as compared with the LDA, the GGA overcorrects the
Au, the LDA gives bond lengths in rather good agreementather small errors of the LDA in the bond geometriaad

with experiment. Thus, while the GGA clearly improves this thus the vibrational frequenciefor Ag, and, in particular,
guantity over the LDA for Cy, it overcorrects the LDA’'s for Au,. Although this aspect requires further confirmation
errors for Ag and Ay, (leading to deviations of 2—-3 % from by a large scale study of heavy moleculexluding alsop

the experimentaR,). This neither depends on the specific andd binding, where the spin-orbit splitting directly plays a
form of the GGA usedB88/P86 and PW91/PW91 give very fole), it presently seems that in the highregime the LDA
similar results for all molecules considered Heneor is it ~ gives more realistic bond lengths than the GGA.

due to our handling oEy[n] (the same observation can be
made for the scalar-relativistic resyltén fact, this finding is
in perfect agreement with the results of a recent study of We would like to thank E. van Lenthe for helpful corre-
metallic gold and platinurfil4]. On the other hand, the,'s  spondence. S.V. acknowledges financial support by the
obtained with the GGAs for Agand Ay are definitively  Deutsche ForschungsgemeinscH&FG) under Project No.
closer to the experimental values than the LDA energies. Fr 637/8-1,2.

In order to investigate the properties of gradient correc
tions in the highZ regime, we thus focus on the x/c combi-
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