PHYSICAL REVIEW A VOLUME 53, NUMBER 3 MARCH 1996

Generalized gradient approximation for the relativistic exchange-only energy functional
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A generalized gradient approximatiq®GA) for the exchange energy functional of relativistic many-
electron systems, including both a longitudinal and a transverse contribution, is presented. The resulting
longitudinal exchange energies for atoms reproduce the corresponding exact values, obtained via the relativ-
istic optimized-potential method, with the same accuracy that has been found for GGAs in the nonrelativistic
context. In addition, it is shown that transverse contributions to the self-consistent exchange potential should
not be neglected in the case of gradient-corrected functionals.

PACS numbsd(s): PACS 31.10+2z, 71.10-w

In recent years, density-functional thedyFT) has de- N 1 1 2y _ 27"
veloped into a rather powerful tool for the description of ‘Do(ﬁ)=g—3—ﬁz—@afcsmmﬁ)+ 3—B4|n(77)
complex nonrelativistic many-electron systems. In particular,
by using generalized gradient approximatididGAs) for n arcsinkip)\?
the exchange-correlatiaixc) energy functionak,J n] [1,2] - (E_ T) '
substantial progress has been made towards achieving the
accuracy required in quantum chemical applicati@®gt.  \ynere
This type of functional corrects some of the well-known de-
ficiencies of the local-density approximatighDA), most (37%n)13

notably the failure of the LDA to predict the ferromagnetic B=—rmc n=(1+ %2 (5)

4

bcc ground state of metallic irdrb]. While presently avail-
able GGAs still do not include important nonlocal contribu- N .
ions to the exact exchange-only-only) potential [6—8] and the longitudinal (Coulomh and transverse(Breit

) ) ) . _ +---) parts have been separatel,=EL+E, (compare
(Wh.ICh are, €.g., responsible for its asymptotid/r behav. &16—18). In (1) the relativistic correctiorirc) has been writ-

- LT ISR
tory description of electron affinities and ionization poten-'€" in the form of an rc factog' (5), Wh'f_ﬂs'mply mul-
tials), they are now starting to replace the LDA in tiplies the nonrelativistic LDA[plots of ®; '(B) can be

applications, in particular, as the additional computationafound in[10,15]. An analogous functional is obtained for

cost of GGAs is rather small. the RLDA correlation energy10,19, for which, however,
The forms of all GGAs available to date are based on ghe rc factor is only known numerically. Unfortunately, the

combination of both rigorous and semiempirical informationrelatlws_nc corrections to atomic xc energies calculated on

on nonrelativistic many-electron systems. Also, their app"_the basis of the RLDA are not very accurate: The exact rela-

cations are mainly restricted to the nonrelativistic domain oftivistic contribution to the longitudinak-only energyEy,

rather light atoms. However, for systems involving atomsthat is, the difference betweel, and the nonrelativistic

with Z=30, relativistic effects start to gain importance, not x-only energyExNR,

only in the kinetic but also in the xc enerd9,10]. In the

context of DFT the nonadditivity of relativistic and xc effects AEL=EL[nR]—ENRnNR], (6)

is mainly reflected by a relativistic modification of the func-

tional dependence d,[n] onn. This is most easily seen is underestimated by roughly 20—3(%0], while the trans-

for the relativistic LDA(RLDA), whosex-only limit is given  versex-only energyE; is overestimated by more than 50%

by [11-185, [15,17). The situation is similar in the case of the correlation

energy[10], for which, however, the absolute size of the

corrections for atoms is rather small. Consequently, an accu-
E;/T'RLDA[”]:J dre;™ A (n) 25" (B), (1) rate treatment of the relativistic xc energy rgquirez nonlocal
functionals. Focusing on the quantitatively more important
3(372) 132 x-only energy we present a relativistic GGRGGA), in-
elRPA(n) = — Tnm, (2)  cluding both a longitudinal and a transverse component. By

application to closed subshell atoms it is shown that this
functional yields results comparable in quality to nonrelativ-

PL(B) = §+ . <n : B 2_774| istic GGAs. It thus allows an accurate DFT description of
o(B)= 6 382 3p arcsinii 3) 3p4 n(7) ground-state energies and energy differences in the relativis-
tic domain.
1 arcsint{B)\? viati i i ived i .
= 3) Relativistic gradient corrections can be derived in a sys
2\ B B° ' tematic fashion from the linear response of the relativistic
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homogeneous electron geBHEG) to a weak perturbing po- In view of the very limited information on relativistic re-
tential[18,20. For the xc contribution to the induced energy sponse functions we extend the concept of GGAs to the rela-
shift one finds tivistic domain in a semiempirical way: We use a single rc

factor for the complete gradient contribution in the RGGA

5ELR—E d’q Sn(Q) Sn(— (split into a longitudinal and a transverse compohenhich
x 2] (2m)3 n(a)on(—q) multiplies a given nonrelativistic GGA characterized by
X[ 1 1 o a(é),
My(q°=0a) MH(a’=00)] ESGGA,L/T[n]:j dr eNRLDA()

wherell,(q°=0,g) represents the static irreducible density- UT LT
density response function of the RHEG@Y) is its noninter- X[®s (B)+9(HP; (B)]. (13

acting limit) and current contributions have been neglected . .
The lowest-order gradient correction to the xc energy func-':or g(¢) we consider two forms, the widely used GGA by

tional is then obtained by a long wavelength expansion of theBeCke[l]’
response function, dg
0 5 Ogss(£) = de7%arcsinh 2(6 72 RET2] ; (14)
Hoo(q°=0,0)=a(n)+b(n)gf+---, (8) 1+ 9d&éY2arcsinti2(672) Y32/ (4ar)
subtraction of the LDA part oBELR and subsequent Fourier (d=0.2743) and §2/2]-Padefunction (ECMV92) [6],
transformation. Restriction to theonly limit, i.e., the first At Ang?
order ine?, yields 16+ Az (15)

gecmvoA §) = 17B,E+ 8,2
1 aOpD _ 250
SERS[n]= Ef d*r[Vn(r)]? UL (9 (A,=0.3402, A,=5.9955, B,=27.5026, B,=5.7728) in
order to examine the interplay aj(¢) and the rc factor
®5'T(B). In particular, while the GGA§14,15 show a simi-
=fo d3r eNRPA(n) £, (B), (100 lar ¢ dependence for intermediate and sngalthey differ in
their large¢ behavior{ 6], i.e., in the region close to @oint)

whereC,=10/81. The superscripk] denotes the order in nucleus. Ut .
e2 of the individual coefficients and the dimensionless char- For ®; (8) we make an ansatz in the form of a

acteristic gradien is given by [2/2]-Padefunction,
n 2 ) 1+alg2+as s
§:(2(37T2n)173n) . (11) (I)Z(B)— —1+b&ﬁ2+b|2-34’ (16)
The argument indicates that a first principles rc fadgrfor a1 p2+a)p*
the gradient correction could be obtained from the small- DB = —T—T7 (17)
1+b,B°+b,B

expansion of the first-order response functiHrﬁ,%)(O,q).
However, the smalty expansion ofl1§{)(0,g) is not known

to date; only the coefficiera® is available via the com-
pressibility sum rule. Given the substantial amount of work

that went into the calculation of its nonrelativistic lifi1— Ut . S .
: ®;' ' (B)], the forms(16,17 give the requireg3< proportion-
(1) 0
25], the evaluation ob'*’ does not seem to be an easy task.ality in the weaKly relativistic limit 3<1) and are suffi-

Moreover, in the nonrelativistic case, it turned out that accu-. . LT . .

rate results for atomic exchange energies were only obtaine ently flexible to model thg exack; (p) for mtermed@ttg

if the gradient coefficientC, in (10) was increased to ~1 (see below. The functional form of the ultrarelativistic
x . LT ;

roughly 0.25[26,27]. Similar semiempirical gradient coeffi- limit of the_exact(I)z_ ('(_3)’_ howevert/|Ts not known. More-

cients are employed in the most widely used GGA] over,_the high-density limit of anybz _(ﬁ) to be used _for

(compard 8]). Moreover, GGAs, which may be viewed as an atomic systems must be compatible with the lagdeehavior

effective partial resummation of the complete gradient exf 9(§) in order to yield finite ground-state energigsdis-
pansion, cussion of this issue is given in the AppendiXhe forms

(16,17, which approach a constant for large are chosen
so that even for point nuclei with close to 137 both GGAs
EQ‘RGGA[”]:I d* efRPANM[1+9(§], (12 give finite results.
The parameters i16) have been fitted to the exact
O(E<1)=Cof+Cyé2+ -+, AEL, which are obtained via the optimized-potentigl method
(OPM) [28,10, for 17 closed subshell atoms ranging from
contain higher-order contributions #awhose rc factors are He to Ra[30]. To calculateAE)'; in the case of the GGAs we
not determined by Eq9), but rather by nonlinear response have used exadiR)OPM densities, i.e., for any atofiand
contributions. giveng(¢)] we evaluatg13,16 with the ROPM density and

whose parameters are then fitted to exact atoffic; and
E!. While the first principlesbs’™ calculated from(9) most
likely also depend logarithmically ong [similar to
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TABLE |. Parameters for the longitudingél) and transverse€T)
correction factorg16,17.

1369

TABLE II. Nonrelativistic x-only energies ¢ EX?) for closed
subshell atoms: OPM results in comparison with the values ob-
tained by insertion of OPM densities into LDA and two GGA func-

RECMV92 RB88 tionals (ECMV92 and B88. Also given are the average percentage
L T L T (%) and absolute &) errors(all energies are in hartre¢32]).
a 2.212 59 3.487 54 2.208 48 3.48638 Atom OPM LDA ECMV92 B88
a, 0.669 152 0.218 599 0.668 684 0.614753 He 1.0258 0.8840 1.0258 1.0255
b, 1.329 98 1.154 17 1.330 75 1.322 60 Be 2.6658 2.3124 26650 2.6578
b, 0.794 803 0.015 802 0.795 105 0.101805 Ne 12.105 11.033 12.150 12.138
Mg 15.988 14.612 16.018 16.000
then subtract the corresponding nonrelativistic value CalcuAr 30175 27.863 30.166 30.153
lated by insertion of theIo nonre?ativistic OPM density into 85.199 82591 85.208 85.192
(12), Zn 69.619 65.645 69.857 69.867
Kr 93.833 88.624 93.843 93.872
L _ _RGGAL[..ROP NRGGA- .. NROP Sr 101.926 96.362 101.926 101.956
AEX(GGA)_EX [n ° NH_EX A[n ° Nﬂ Pd 139.113 132.169 139.142 139.191
In this way a minimization of the percentage deviation ode ijg'ggg i;‘cl)'ggé ijgg;g i;'g'gji
AEL(GGA) from AEL(OPM) (obtained by subtraction of the 189 065 180.240 189007 189,082
o ROP . . . .
nonrelativistic OPM exchange energy fraEy "™ leads _ 276,143 265,560 276,850 76,993
toLthe parameters_ given in Table I.. The correspondin 345.240 332.138 345.357 345.486
®5(B) are shown in Fig. 1. As one might expect from the 387.445 372.974 387.336 387.480
_clo'_se_nes§ of the parameters, th_e two_ curvestﬂQ(,B) are 401.356 386.504 401.255 401.398
indistinguishable. We have also investigated the effect of us-
P Se conssleT(RGCA densies for e opmizaton o
() 6.307 0.103 0.102

differ slightly from the values in Table I, the form of
(IJE(,B) is essentially unchanged. Moreover, the general form
of ®3(B) is rather similar to that of the exact rc factor for GGAs are very close to each other. The size of the correction

the gradient correction to the kinetic enef@®,18 also dis-

played in Fig. 1.

In a similar fashion the parameters(iti7) have been fitted

factor is, however, appreciably larger than thaﬂﬂj(ﬁ), in
accordance with the fact that the error of the RLDA is larger
for the transverse energies.

to Ex(ROPM) found by insertion of ROPM spinors into the  our results are summarized in Tables 11-VI and Figs. 2
transverse Fock terfil6,30,3] (for the same set of neutral anq 3. Before turning to an analysis AEL and E], the
atToms. By minimization of the percentage deviation of honrelativistic exchange energies obtained from the GGAs
E,(RGGA) fromE, (ROPM) we have found the parameters (14,15 by insertion of OPM densities are shown in Table ||
(af.b{), given in Table I. The corresponding;(8) are  and compared with the corresponding OPM and LDA values
also plotted in Fig. 1. Again the curves obtained for the two(in all our calculations extended nuclei were emploj/@#]).

Also given are the average percentage and average absolute

errors from the OPM standafg@vith respect to the 17 atoms

° L listed). While the percentage error is somewhat more sensi-
4 -
0.3
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FIG. 1. Relativistic correction factors for the gradient contribu-

tion to the exchange-energy density for both ECM\(8alid line)

and B88(long dashes Longitudinal contribution(16), transverse
contribution(17), and total correctiob5+ @7 . Also shown is the

rc factor for the gradient correction to the kinetic eneighort

dashes

.3
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FIG. 2. Percentage relativistic corrections to the longitudinal
x-only potential {v:—ovNR)/uNROPM of Hg from self-consistent
OPM, LDA, ECMV92, and B88 calculations.
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0.6 T —r— sively improve upon the RLDA: Both average errors are re-
£ — LDA duced by roughly two orders of magnitude and the average
04 - {I - ggg“@? - absolute error iNAEL(GGA) is one order of magnitude
o2 L t | smaller than that ifEY"®®*, This picture essentially persists
i if self-consistentR)GGA-densities are used for the evalua-
AvI o \‘ tion of AE)L((GGA). For example, for RB88 the percentage
\\ deviation rises to 0.71%, while the absolute error remains
02 ‘;':.‘ 7] unchanged §=9.3 mhartreg As a consequence the errors
04| Hg v _ of the RGGAs in the totaER®®A" are nearly identical with
N Y T T T their nonrela;ivi.stic counterparts: For RB88 one finds a per-
60001 0001 001 04 p 10 centage deviation of 0.10% and an absolute error of 109

r (auw) mhartree.
It has been showfB] that the very accurate reproduction
FIG. 3. Percentage transverse correctiohs = o [/uNROPY to of total atomic exchange energies by nonrelativistic GGAs is
the x-only potential of Hg from self-consistent relativistic LDA, t0 some extent due to the cancellation of much larger local
ECMV92, and B88 calculations. errors, e.g., visible in the exchange potential. The degree to
which the accuracy of the RGGAs presented here is based on
tive to the accuracy of thENR®CA for light atoms, the abso- error cancellation is most directly seen by applying them to
lute error mainly reflects the accuracy for heavier atomstwo-electron ionic systems: Averaged over the same set of
Table Il essentially serves to set a quality standard, whictiuclei as used in Table IlI this leads to deviations of 8.10%
one wants to preserve in the relativistic domain. In particularand 287 mhartree foAE in the case of B88. While these
Table Il demonstrates that the two GGAs yield rather similarerrors are substantially larger than those found for the neutral
results in spite of their different appearance. It should beatoms, with respect to whictbs has been optimized, they
emphasized that the small difference between the percentagee still almost one order of magnitude smaller than the cor-
deviations found for the two GGAs is not relevant for prac-responding errors of the RLD&7.57% and 1.281 hartree
tical purposes. We also remark that optimizing’s with respect to two-
Table 11l givesAEY obtained from the RLDA and the two electron ions leads to rc factors that reproduce Al of
RGGAs evaluated witiR)OPM densities via6) in com-  these systems much more accurately, but at the price of en-
parison with the ROPM standard. As expected from thehanced errors for neutral atoms.
agreement between the correspondiyg, the two RGGAs Table Il emphasizes the particular need for rc factors in
yield very similar results. Moreover, the RGGAs impres-the case of GGAs: While the Dirac-Fock-Slater approach,

TABLE lIl. Relativistic corrections to the longitudinatonly energies 6AE§) for closed subshell atoms: ROPM results in comparison
with the values obtained by insertion @®)OPM densities into the relativistic LDARLDA), two relativistic GGASYRECMV92 and RB83
as well as the nonrelativistic LDANRLDA) and the corresponding nonrelativistic GGASRECMV92 and NRB88 Also given are the
average percentad®e) and absolute §) errors(all energies are in hartre¢32]).

ROPM RLDA RECMV92 RB88 NRLDA NRECMV92 NRB88
He 0.000 063 0.000 026 0.000 064 0.000 064 0.000 058 0.000 071 0.000 071
Be 0.000 72 0.000 31 0.000 71 0.000 70 0.000 66 0.000 79 0.000 79
Ne 0.0148 0.007 55 0.0149 0.0148 0.0147 0.017 2 0.017 2
Mg 0.028 7 0.0158 0.028 8 0.028 7 0.028 8 0.0335 0.0334
Ar 0.118 0.072 0.118 0.118 0.122 0.139 0.139
Ca 0.172 0.107 0.172 0.171 0.178 0.202 0.202
Zn 0.627 0.409 0.635 0.635 0.673 0.762 0.762
Kr 1.215 0.824 1.215 1.216 1.301 1.462 1.462
Sr 1.478 1.015 1.475 1.476 1.584 1.775 1.775
Pd 2.785 1.971 2.783 2.784 3.029 3.386 3.387
Cd 3.264 2.340 3.260 3.262 3.556 3.966 3.968
Xe 5.021 3.680 4.983 4.986 5.466 6.079 6.081
Ba 5.739 4.237 5.688 5.691 6.249 6.943 6.945
Yb 12.043 9.265 12.072 12.075 13.448 14.980 14.982
Hg 19.963 15.790 19.984 19.989 22.370 24.881 24.888
Rn 26.637 21.371 26.637 26.637 29.848 33.189 33.193
Ra 29.241 23.574 29.247 29.245 32.777 36.445 36.447
% 34.04 0.54 0.50 7.58 19.76 19.69

1) 1.392 0.0096 0.0093 0.723 1.524 1.526
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TABLE IV. Single-particle energies< e,);) for Hg from relativistic OPM calculation€tROPM) in comparison with self-consistertonly
LDA and GGA results withoutNRLDA, NRB88), with longitudinal(RLDA, RB88) and with both longitudinal and transverdeLDA +T,
RB88+T) relativistic correction factorgall energies are in hartre¢32)).

Level ROPM NRLDA NRB88 RLDA RB88 RLDA-T RB88+T
1S, 3047.430 3047.517 3050.297 3044.410 3047.643 3027.914 3038.530
28, 540.056 539.713 540.180 539.250 539.789 536.824 538.337
2Py, 518.061 518.164 518.467 517.746 518.116 515.615 516.408
2P, 446.682 446.671 446.875 446.399 446.648 445.025 445.476
3Si, 128.272 128.001 128.135 127.905 128.054 127.397 127.759
3Py, 118.350 118.228 118.312 118.148 118.244 117.736 117.916
3P3), 102.537 102.397 102.456 102.346 102.412 102.084 102.189
3D3/, 86.201 86.085 86.120 86.060 86.098 85.934 85.976
3Ds 82.807 82.690 82.722 82.668 82.702 82.559 82.597
4S,), 28.427 28.067 28.130 28.046 28.111 27.931 28.048
4P, 24.161 23.871 23.911 23.854 23.897 23.770 23.830
4P;,, 20.363 20.039 20.081 20.030 20.073 19.980 20.030
4D3,, 13.411 13.148 13.169 13.146 13.166 13.133 13.153
4Ds), 12.700 12.434 12.455 12.432 12.453 12.423 12.442
4Fs), 3.756 3.556 3.559 3.559 3.561 3.571 3.570
4F;), 3.602 3.402 3.405 3.404 3.407 3.417 3.416
55, 4.403 4.290 4.292 4.286 4.289 4.267 4.280
5P1/» 3.012 2.898 2.898 2.896 2.896 2.885 2.888
5P, 2.363 2.219 2.225 2.218 2.224 2.213 2.220
5D3;; 0.505 0.363 0.366 0.363 0.366 0.364 0.367
5Dg,» 0.439 0.296 0.299 0.296 0.299 0.297 0.300
6S;/» 0.329 0.222 0.223 0.222 0.223 0.220 0.222

i.e., the use of the nonrelativistic LDA functional in relativ- RLDA potential. This region, however, has only little impact
istic Kohn-Sham calculations, fortuitiously leads to some-even on the $,,, orbital, whoser -expectation value for Hg
what smaller errors than the RLDA, the insertion of relativ-is 0.0166 bohr. In any case, as in the nonrelativistic situation
istic densities into nonrelativistic GGAs, i.e., a nonlocal[7,8] the GGAs do not improve the potentials as much as the
extension of the Dirac-Fock-Slater approach, yields valuesorresponding energies. A quantitative measure of the im-
for AEL, which, on the average, are 20% too large, so thaprovement are the resulting single-particle energiegepen-
the absolute errors are even larger than that of the RLDAdent of their auxiliary natupeAs can be gleaned from Table
Gradient-corrected functionals definitively require relativis-1V the eigenvalues obtained from RB&8imilar results are
tic modifications. found for RECMV93 agree much better with the ROPM
We have also examined whether {i#2]-Padeform (16)  results than those from the RLDA, in particular for the in-
is sufficiently flexible to modefb5 by alternatively using a nermost orbitals: For theS -eigenvalue of Hg the RLDA
[1/2]- and a[ 3/3]-Padeansatz. While, on the basis of B88, error of 3 hartree is reduced to roughly 200 mhartree, i.e., by
the[1/2]-Padeled to an average percentage error of 0.53%Pne order of magnitude. Furthermore, Table IV again shows
and an average absolute error of 15 mhartree, théhat GGAs should not be used in relativistic DFT calcula-
[3/3]-Padedid not significantly improve upofi6), indicat- ~ tions without rc factors: The deviations of the eigenvalues
ing that the[ 2/2] form is sufficient for the present purpose. obtained from GGAs without corrections are as large as
The percentage rc to the longitudinglonly potential —those of the RLDA.

v)&' Table V lists the transverse energies for neutral atoms
calculated from(13,17 by insertion of ROPM densities in
. ve([nR]; ) —oRR([NNRY;r) comparison with the corresponding RLDA and ROPM data.
Avy,(r)= o NROPV [, NROPN )™ (18 Atfirst glance, the improvement over the RLDA achieved by
X ’

the nonlocal functiona(13) for the transverse contribution
obtained from the RGGAs for Hg is shown together with theS€€MS to be even more dramatic than that found for the lon-
corresponding ROPM and RLDA results in Fig. 2. Compar-ditudinal component. However, the extremely small devia-
ing the RGGASs to the RLDA two features are apparent: Dudions of 0.44% and 0.1_4_0.7 mhartree for nt_autral atoms are
to the more pronounced shell structure which the GGAs propartlally due to a fortuitious error cancellation: If one calcu-
duce(already at the nonrelativistic levet,g]) the relativistic  'ates Ex_of the corresponding two-electron ions using the
shifts of the individual shells become more pronounced angame®; one ends up with an average percentage error of
follow the ROPM standard more closely. However, in the3.84% and an average absolute error of 151 mhafsee
vicinity of the nucleusthe nuclear radius of Hg is 0.000 13 also theEj for some Hg ions in Table VI Nevertheless,
bohn the RGGA potential becomes more attractive than theeven these errors are more than one order of magnitude
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TABLE V. Transversex-only energies ) for closed subshell relevance of this result is difficult to judge. It is, however,
atoms: ROPM results in comparison with the values obtained bysupported by the fact that the contribution of the individual
insertion of ROPM densities into the relativistic LDIRLDA) and orbitals toE! is reproduced rather accurately by the RGGAs
T . X )
two relativistic GGAs(RECMV92 and RB88 Also given are th.e as demonstrated in Table VI by a comparison with ROPM
average percentad®o) and absolute §) errors(all energies are in results for some Hg ions. In contrast to the RLDA, which
hartreeq32)). ) ’ '
1£32) overestimates the exaEJ;T( of Hg’®" by more than a factor
Atom ROPM RLDA RECMV92 RB8S of 2 (i.e., 9 hartreg the error of RB88 is no larger than 6%.
Table IV also shows the effect of including; on the
single-particle spectrum of Hg. As expected, the eigenvalue

He 0.000 064 0.000 159 0.000 060 0.000 061

Be 0.00070 0.00176 0.00071 000072 ot the 1S,,, orbital is substantially reducetby roughly 9
Ne 0.0167 0.0355 0.0166 0.0167 hartree, but not as much as in the RLDA7 hartre¢ The
Mg 0.0319 0.0654 0.0319 0.0319 2P4, eigenvalue also changes by about 1 hartree, and even
Ar 0.132 0251 0.132 0.132 the 3P5, eigenvalue experiences a 200 mhartree shift. In
Ca 0.191 0.356 0.191 0.191 fact, these corrections are larger than those resulting from the
Zn 0.759 1.328 0.760 0.759 relativistic modification of the longitudinal potential, i.e., the
Kr 1.420 2.410 L.421 1.419 differences between RLDA and Dirac-Fock-Slater eigenval-
S L.71l 2878 Lri2 L.710 ues. This suggests that the transverse contributions should be
Pd 3291 5.374 3291 3291 treated self-consistently in the case of RGGAs, as, in contrast
Cd 3.809 6.180 3.809 3.809 to the RLDA, for which the error introduced in this way is as
Xe 5.712 9.114 5.712 5.713 large as the transverse correction itself, RGGAs seem to pro-
32 12497050 ;g'égg 1%‘;255 163'497070 vide a reasonably accurate representatioE,Tg[m].
Hg 22'_169 34'.257 22'_169 22'_169 In summary, our_results demon_strate tha_t.nor.ﬂ(xeghly
RN 28.679 44.382 28,681 ss680  Eneray funcﬂona@ls like GGAs' require a mo@f_maﬂon in order
Ra. 31 151 48.975 31.149 31151 to preserve thglr accuracy in the relativistic domain. Eor

' ' ' ‘ GGAs this modification can be accurately represented via a
% 80.64 0.44 0.44 simple rc fagtor by. WhICh their nonrglatlylgt!c gradient com-
5 3 061 0.000 7 0.000 4 ponentg( &) is multiplied (together with utilizing the relativ-

istic LDA as basis, of course The form of this rc factor
seems to be rather insensitive to the laggleehavior of the
o .. gradient correctiorg(£). Moreover, not only the longitudi-
smaller than the deviations of the RLDA and thus indicaten g pyt also the transverse contribution should be included in
that the functional13,17 represents definite progress. As ahe x-only potential used in relativistic Kohn-Sham calcula-
consequence, the subtle balance between the é&cand  tigns.
E; [10,19 is well reproduced by the RGGAs, leading to _
reasonably accurate total correctioA€L+E]: For ex- We would like to thank M. Mayer for very helpful corre-
ample, for neutral Hg one findAEL+ET=2.180 hartree spo_ndence. Fln_anC|aI support by thg Deutsche Forschungsge-
using RB88, which may be compared with the exact value off€inschaftProject No. Dr 113/20-is gratefully acknowl-
2.206 hartree and the RLDA result of 18.467 hartree. edged.

The reduced size of the transverse contributions, as com-
pared with the RLDA, also manifests itself in the transverse
x-only potentialv |, shown in Fig. 3 for Hg. As in the case of ~ APPENDIX:  RGGA POTENTIAL IN THE VICINITY
vk the (weak divergence ob, close to the nucleus does not OF A POINT NUCLEUS: HIGH-DENSITY LIMIT OF  ®,

really affect the density. Note, however, tha} becomes The high-density limit of any semiempirical rc factor for a
appreciable already for the shell (~0.06 bohy. Without =~ GGA must be compatible with the large-behavior of
knowledge of the exact multiplicative x-only potential the g(£): In order to obtain a finite ground-state enefy, the
GGA potential must not diverge more strongly tham i
TABLE VI. Transversex-only energies ;) for closed subshell the vicinity of a point nucleus, as the evaluation of the
Hg ions: ROPM results in comparison with the values obtained byground-state energies requires an integration over

insertion of self-consistent densities into the relativistic LDA n(r)yR°CA(r) [33,29. In this respect it is important to notice
(RLDA) and two relativistic GGASRECMV92 and RB88 (all  that resorting to a finite nuclear size, which formally resolves
energies are in hartre¢82]). this divergency problem, does not help in practicenés

and vR°®A(r) remain almost unchanged in the physically

Hg ROPM RLDA RECMV92 RB88 relevant regime outside the nucleus and thus spurious contri-
78+ 7.578 16.619 6.915 7.112 butions to E;,; could be produced in this regime if
76+ 9.291 20.299 9.018 9250  n(r)vREAr) becomes too large. It is thus necessary to ana-
70+ 16.448 27.780 16.197 16.244 lyze the consequences of the high-density behavidp pfor

68+ 17.057 28975 16.998 17.049 vy OAD).

62+ 19.154 31.215 19.172 19.182 Quite generally, both the longitudinal as well as the trans-

verse RGGA potential is given by
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B dd, B do, 3a—1 dg 1-a _d%g
RGGA___ NRLDA 2
= +———B)+ = + - ——¢ |
UX UX (n){(I)O(B) 4 dﬁ (ﬁ) 4 dB (ﬂ) (I)Z g 2a’ é‘:dg o g d§2
dg 3 dg Inserting the large- behavior of the two GGA¢$14,15,
X19(§) —286 (&) |+ DaAB)| 9~ 51:(8)
dg 2 dé: 471,51/2
3 d29 gBSBN 9|n[ 5172] 3
- 57@(5) : (AL)
dgsssw 2m
where dé  9&¥aAn[£Y?)”
2 2,.11/3
NRLDA, ., _ _ €(37N) 2 d’gges 7T
v ()= ’ (A2) T T Q3N AU
m g%~ 9gAn[€7]
V2n A,
n= 4(37%n) %%’ (A3) Oecmvoz™ B,
. Vn-V§ (Ad) dgecmvez  B1A2—A4B,
4(37%n)%%n" d¢ B3¢
Considering a point nucleus and assuming the density to be- d°gecmvor B;A,—A;B,
have as de? - ngs '
— —3a
nr)~nor one obtains
in its vicinity (0<a<2/3), one finds in leading order, B dd
RB88 —a P70
) Uy o (r)oer [CI>0+4 d
£~ stV g
4(3m°ng)** ' ™ ra-t
+P; 2~ 113 ]
o daGam) Lo dam1 3(a=1)(37ng) ™ In(r)
M~ 5ol "~ r,
K 4(31°ng) %R 3a eIV - B dd, B dd,]A,
v Ar)ocr =N Dot — ——+ [ Dot — ——| = !
X 0 2
3 4 dp 4 dg |B,
L2 1m @) gy L1702
(") 8(3772n0)‘”3r 3 ¢ Consequently, in the case of B88 the critical energy inte-
grandn(r)vR°®A(r) remains integrable close to the nucleus
so that as long as ®,(B) does not diverge, n(r)v=%r)
3a+1
U)F({GGA(I,) Bdd, B db, dg xllcbz(,B)/[r IIn(r)]_t(r?\s(_;z<”2/3). E_CMVQZt, hqc))wever, even
—~Roa— ~ o+ 7 d_+ 1d8 g_zgd_ a owsRECMf\;llg ogari mICfl y ivergen -(B) as
o (r) B B ¢ n(r)oEMHr) oo (B) /4,
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