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A simple approximation is developed for the two-electron spin-orbit coupling terms generated by the
Douglas-Kroll-Hess transformation, in the context of density-functional th€dRf). For the special case of
an isolated atom, the two-electron spin-orbit matrix element for each pair of basis functions df iype
replaced with the spin-orbit matrix element for a point charg®(l) placed at the origin; wher(l)
=0,2,10,28. .. . Application of this screened-nuclear-spin-oft@NSQ approximation to linear combination
of Gaussian-type orbitdLCGTO) DFT calculations on Ce, Ta, and Pu atoms yields spin-orbit splittings that
agree with results from a numerical solution of the Dirac-Kohn-Sham equations to within about 6%. This is a
marked improvement over the nuclear-only spin-orbit approximation, which systematically overestimates spin-
orbit splittings; in some cases by as much as 100%. Crystalline LCGTO DFT calculations on the fcc phases of
the light-actinide metals Th Pu, using a multiatom generalization of the SNSO approximation, yield atomic
volumes that are in excellent agreement with results from full-potential linear-augmented-plane-wave
calculations.

[. INTRODUCTION cluded within a one-center mean-field approximation, but
only for relatively small moleculeS~'" There remains a
The linear combinations of Gaussian type orbitalsneed for some intermediate approximation that is more accu-
(LCGTO) method is the most widely used electronic struc-rate than the nuclear-only approximation, but less demanding
ture technique in existence today, due largely to its range dthan a full DKH calculation.
applicability. At this time, the LCGTO method is routinely ~ In this paper, a screened-nuclear-spin-o8INSQ ap-
used to study such diverse systems as isolated clusters Bfoximation is developed to replace the two-electron spin-

atoms, one-dimensiondlLD) periodic polymer chains, 2D orbit _coupling terms in the DKH equz_ﬂions; ir_litially for the
periodic films, and 3D periodic crystals using bath initio special case of LCGTO DFT calculations on isolated atoms.

and density-functional theo{DFT) models. Until quite re- The SNSO equations are no more computationally demand-

cently, however, all-electron LCGTO calculations were gen-::r? dtgfenggse”fuIIZnr:rlglti';/ésé'(tzonrﬂﬁﬁzzoghé St}é:s?qg?tls?glsli’ne

erally restricted to the first three rows of the Periodic Table y9 X . y - Lrysta

due to the lack of a stable technique for incorporating rela-LCGTO. DFT calculations using the SNSO approximation
are carried out for the atomic volumes and bulk moduli of

T'V'fzc eﬁ;ectti. Th&ﬁ ttr)]arrler h"fiﬁ been_ ?verco?]e during ﬂ;eme fcc phases of the light-actinide metals—+Ru, a subject
ast decade through the use of “no pair” equations generateg, . has recently become controverdiai®

with the Douglas-Kroll-Hess (DKH) transformatiorf™
In  particular, an incomplete (nuclear-only DKH
transformatio” can be used to generate a set of scalar- Il. DOUGLAS-KROLL-HESS APPROXIMATION

relativistic equations that are no more demanding computa- 1 development of the relativistic LCGTO DFT method

tionally than their nonrelativistic counterparts, yet producegeq here begins with the four-component Dirac-Kohn-Sham
DFT results for atom8,” molecules® and solids®** that  (pks) equation&’

are comparable to results obtained with nhumerical methods.

Less attention has been paid to the fully relativiggpin- 4 _ _
orbit coupled DKH equationps, largely bec)e/luse the n%clear— hEksti=[(ca-p+BmE) +ver]vi= €t @
only DKH equations seriously overestimate spin-orbit split-
tings, especially forf states, while inclusion of the two- where
electron spin-orbit terms would place a prohibitive burden on
the computational resources required for calculations. In Veff=UnTUeT Uy 2
spite of these serious limitations, several fully relativistic
crystalline LCGTO DFT calculations have been carried outis the effective one-electron potential formed from the
for the light-actinide metal$ (Th—Pu) and their oxide¥  nuclear potentiab,, the classical electronic Coulomb poten-
within the nuclear-only approximation. In fact, those studiestial v, and the DFT exchange-correlatigkC) potential
explicitly relied on the nuclear-only approximation to pro- v,.. The eigenvalues of the DKS equations are unbounded,
vide an upper bound on the effects of spin-orbit coupling. Inabove and below, since they include both electron and posi-
addition, a few fully relativistic calculations have been car-tron degrees of freedom. Therefore, any attempt to directly
ried out with the two-electron spin-orbit coupling terms in- solve the DKS equations variationally will lead to the well-
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known “variational collapse” problem, unless the basis setments. Next the nonrelativistic kinetic-energy matrix is di-
used is restricted in an appropriate fashiobhis difficulty ~ agonalized to obtain approximate eigenfunctiongpdfand
can be circumvented by performing a unitary transformatiorall of the matrices are transformed to this basis. Since the
on the DKS equations that approximately decouples the elemperatorsE,, A,, andK, are diagonal irp? space, they can
tron and positron states. For example, the DKS equations care obtained trivially from thep? eigenvalues. These basic
be decoupled to arbitrary order ip/fnc)? through a series components are then used to construct the more complicated
of Foldy-Wouthuyseff transformations. Unfortunately, the matrix elements needed, suchARvRyA, . Finally, all of
Foldy-Wouthuysen procedure produces operators that amde matrices are back-transformed to the original GTO rep-
highly singular at the nucleus, hence, not amenable to aresentation.
all-electron variational solution. The most serious drawback to the procedure described
An alternative approach, which does not generate singulagibove is that the transformations for the two-electron inte-
operators, uses the Douglas-Kroll-Hess transformatibio grals are computationally intensive. In the case of scalar-
decouple the DKS equations to second-ordep . This  relativistic calculations, this difficulty can be avoided

procedure yields the two-component DKH equation through use of a nuclear-only DKH approximatidim which
@) vefs IS replaced by, in all of the scalar-relativistic correc-
hEkndi=€idi, tion terms in Eq(3). Unfortunately, as discussed above, the
nuclear-only DKH approximation severely overestimates
h§2=Ep+Aglverrt RyverRplAp spin-orbit coupling because it fails to account for the screen-
ing effect of the electrons. The remainder of this work will
—;(EPWZ +W2E, + 2WE,W), (3)  therefore focus on approximately incorporating the two-
electron spin-orbit terms in E@3).
where
Ill. FULLY RELATIVISTIC LCGTO DFT
Ep=c(p®+m?c?)*?, 4 CALCULATIONS FOR ATOMS
Ep+ mc2]1/2 Isolated atoms provide a natural starting point for any
p= T} : (5)  investigation of spin-orbit coupling effects, because the high
P symmetry(and small sizeof an atom makes it possible to
_ . calculate DFT atomic spin-orbit splittings either by solving
Rp_ Kpo' P, (6) . .
the four-component DKS equations numeric&ligr by solv-
Kp:c/(Ep+mcz), (7) ing the gomplete DKH equations using a relatively large
GTO basis set. In both cases, the spherical symmetoy, @f
andW can be expressed in momentum space as allows the spin-orbit matrix elements to be simplified using
( ) the standard relationship
verf(P,p’
Wp,p’ ZAp(Rp— Rp/)Apr ? , (8) 1 dveff
p P’ iO"DXUeffDZZL'SF dr - (10)

with vee(p,p’) being the momentum-space representation

of vers. . For this work, an existing scalar-relativistic LCGTO DFT
As expressed, the DKH equations are fully relativistic, in tom codé was extended to include spin-orbit coupling. The
the sense that they include mass-velocity, Darwin, and spinresylting codesoaTowm) is specifically designed to carry out
orbit coupling corrections. If desired, the spin-orbit coupling pkH calculations with each term in the one-electron poten-
terms can be sgparateq from the scalar-relatwlspc terms. Al (vn,ve, andv,,) treated at a different level of approxi-
of the spin-orbit coupling effects at first-order in¢ are  mation.(The highest level of approximation currently imple-
contained in the termA,Rpv.RyAy. Using the standard mented insoaTom neglects only a few small terms; the
properties of the Pauli matrices], this term can be rewrit- - scajar terms of the forne v, all second-order spin-orbit
ten as coupling terms involving ., and spin-orbit terms that scale
aswv3.) In addition, SOATOM can use several DFT models,
) including the Hedin-Lundqviét local density approximation
(LDA) and the Perdew-WanRggeneralized gradient approxi-
The first term on the right-hand side is scalar relativistic,mation (GGA).
while the second term is a spin-orbit coupling term. The soaTom was first used here to calculate LDA spin-orbit
second-order terms in E@3) are somewhat more compli- splittings for the occupied states of Ce, Ta, and Pu atoms, at
cated, but can be decomposed into scalar and spin-orbitvo levels of approximation; the second-order nuclear-only
terms in a similar fashioh. spin-orbit(nSO approximation and the second-order nuclear
Analytical evaluation of the GTO matrix elements for the plus electronic spin-orbiineSQ approximation. In both sets
momentum-space operators in E§) has not proven to be of calculations, all significant scalar-relativistic terms were
practical thus far. This difficulty can be circumvented by included and all spin-orbit coupling terms involving, were
employing a basis set composed pf eigenfunctiong!  neglected. Basis set effects were minimized by using an ex-
First, the matrix elements @f v.¢p andpXve¢p are evalu-  ceptionally large (4640p33d28f) GTO basis set, derived
ated along with the traditional nonrelativistic matrix ele- from the universal basis set of Ma#i al?® by removing the

ApvaefprAp:Apr(p' Ueffp+ io- p>< Ueffp)KpAp .



PRB 62 APPROXIMATE TWO-ELECTRON SPIN-ORBI . . . 7811

TABLE I. Spin-orbit splittings(Ry) obtained for the orbitals of TABLE Ill. Same as Table I, but for Pu.
a Ce atom using the nuclear plus electroieSQ and nuclear-
only (nSO DKH approximations are compared with results from Orbital Dirac neSO NSO Qgs(i) SNSO  Error
numerical Dirac calculations. An estimated effective point charge
Qes(i) (defined in the textis listed for each orbital. The spin-orbit 2P~ 313.1508 330.4677 339.7566 2.57  330.44¥5.5%
splittings obtained here using the SNSO approximation, and theiP 725603 76.5642 78.1398 2.57 76.58485.5%
percentage errors relative to the numerical Dirac results, are givefip 19.1427 20.2126 20.7957 2.64 20.23285.7%
in the last two columns. 5p 4.6761 49400 5.0845 2.67 4.94815.8%
6p 0.7264 0.7689 0.7904 2.57 0.7705+-6.1%

Orbital  Dirac neSO NSO Qi) SNSO  Error
3d 14.5424 14.4913 16.3997 10.94 14.62660.6%

2p 32.7859 33.3094 34.6792 229 33.40121.9%  4d 34939 3.4833 3.9681 11.48 3.5388-1.3%

3p 6.4409 6.5507 6.8353 241 6.583H4+22%  5d 0.6930 0.6911 0.7909 11.86 0.705% 1.9%
4p 1.3841 14084 1.4710 247 1.4170+24%  6d 0.0298 0.0298 0.0342 12.11 0.0308+3.4%
5p 0.1906 0.1940 0.2028 2.52  0.1955+2.6%

4f 0.9276 0.9143 1.3088 28.33 0.9178-1.1%
3d 13852 1.3682 1.6586 10.16 1.371+1.0%  s5f 0.0728 0.0718 0.1064 28.55 0.07523.3%
4d 0.2405 0.2378 0.2906 10.54 0.2403-0.1%
5d 0.0113 0.0111 0.0138 11.35 0.0115-1.8%

In the early 1960s, Blume and Wat$8A’ demonstrated
that the full spin-orbit operator for the many-electrab
initio) Hamiltonian could be rigorously divided into an ef-
fective one-electron operator and a residual two-electron op-
erator, which depends on the particular orbital under consid-

o o eration. Although this rigorous result is more interesting than
(roughly 3.4<1C°) implies that thej = 1/2 states should be | cqf,1 in the context of large-scale calculations, it led to a

accurately represented to a distance of roughly'4@n from commonly used technique for approximately incorporating

the nucleus. Test calculations using substantially smaller baspin_ohif coupling effects into calculations using effective
sis sets indicated that the representation ofjthd/2 states e potentials. In that approach, the effect of spin-orbit cou-
near the nucleus should not be an issue for any reasonabbeﬁng on a given valence shell is approximated by the spin-

basis set _select_ion. " ) orbit coupling due to an effective nuclear chaifyg;, which
The spin-orbit splittings obtained here for Ce, Ta, and Pyq simply adjusted to match experimental spin-orbit

atoms, using the nSO and neSO approximations_,agr_e COMpittings® An approach of this type is particularly appeal-
pared with results from numerical DKS calculationsn o4 \yithin the context of DFT, since the DKS equations are

Tables |, II, and Ill, respectively. As noted earlier, the nSOynemselves effective one-electron equations. It is in this spirit
approximation systematically overestimates all of the spiny, 4 the present work will proceed.

orbit splittings, with the Ce # splitting being overestimated

by nearly 100%. When the screening effectsvgfare in-  cocond order terms, which can be shown to have little effect
cluded, the agreement with the numerical results is improved, the atomic spin-orbit splittings, the spin-orbit coupling

dramatically, with the maximum error being reduced 10 less,qra10r for a spherical potential can be written in the form
than 6%.(Adding in the first-order spin-orbit coupling term

4f 0.0205 0.0198 0.0387 28.33 0.0200-2.4%

seven largestl exponents and 12 largestexponents. The
value of the largest exponent used for thandp basis sets

Using Egs.(9) and (10), ignoringv,., and dropping all

involving v,. only slightly reduces this maximum error, Z o
which appears to be intrinsic to the DKH approximatjon. hso=ApKp(2L - S)| = — —= KA, (12)
These results confirm that accurate fully relativistic LCGTO rs rs

DFT calculations on large systems will require the develop-
ment of some computationally tractable scheme for approxiwhere
mately incorporating the two-electron spin-orbit coupling

r
terms. Q(r)= f p(x)x%dx (12
0
TABLE Il. Same as Table I, but for Ta.

is the electronic charge contained inside of a sphere of radius
Orbital Dirac ~ neSO NSO Qi) SNSO  Error r centered on the nucleus. For any given atomic orltal

the spin-orbit operator of Eq11) could be replaced with an
orbital dependent operator of the form

2p 93.2619 96.0127 99.2563 2.39 96.19263.1%
3p 20.0717 20.6843 21.4073 2.47 20.74893.4%
4p 4.6390 4.7837 4.9572 255  4.8041+3.6%

5p 0.6476 0.6682 0.6937 2.68 0.6723+3.8% hso(i)=Apr(2L-S) é_i;) KpAp! (13
3d 4.3752 4.3409 5.0594 10.37 4.3600-0.3% ' '
4d 0.8521 0.8459 0.9956 10.98 0.8578+0.7%  where
5d 0.0424 0.0422 0.0505 12.00 0.0436+2.8%
- (ilQ(rr i)
af 0.1459 0.1427 0.2335 28.39 0.14371.5% Qli)y=—""7F7— (14

(ilr 30
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is an effective point charge that screens the nuclear charge V. EXTENSION TO CRYSTALLINE SOLIDS

seen byg; In order to develop a computationally tractable method

maLcjg ;?]éhrl]soFt)ﬂ]r:’sgsisd?1'22T)?ale?]papé?])i(évsélog&a;is?eenfor extending the SNSO approximation to multi-atom sys-
g ' tems, it will now be assumed that intersite spin-orbit cou-

still be calculated for all orbitals at each iteration. Neverthe—pling can be neglected. This assumption is consistent with

lrisasy t?en e?jnuﬂgfignglc tzﬁh\c/)ﬂgéii?Elgurgrbgeéxziil ar::ilsuu- results from recent DKH calculations on molecéfeand is
y : y no more severe than the spin-orbit coupling approximation

Iated' for any given atomic orbital, such a calculation is MOt ot is most commonly used in crystalline calculations, in
reg.ti'rlef.l Io(rj 'gheTprt?lsen;c rl)lurpozel.lllntsr:ead,lfor eaqh aOM{Ghich the spin-orbit operator is spherically averaged inside
or Iﬁl IS et' Int dah est o atr;] , the value @(i) is ¢ o yyffin-tin sphere and is set to zero outsifigVith this
roughly estimated here using the expression assumption, the SNSO approximation can be implemented in
any fully relativistic nuclear-only DKH code by replacing

) Aensdi)—Ae€pesdi) the nuclear-only spin-orbit operatdn,so with a basis-
Qesti)=2 Aersg) ; (19 function-dependent operator of the form
. : : L o Q(l) Q(ly)
whereAe,sdi) andAen.sdi) are the spin-orbit splittings hsnsdij)=hnso— 2 hnso A (18
i j

obtained for orbital in the nSO and neSO approximations.

[Note thatQe(i) would be exact if¢; was identical for the  \herez, is the nuclear charge of the site on which the basis
two approximationg. Values of Qes(i) are given for each fynction ¢, is centered. It is trivial to show that E¢18)
atomic orbital in Tables I, II, and IIl. reduces to Eq(16) for an isolated atom. This form of the
Inspection of theQes(i) in the tables reveals a strofg  SNSO approximation has been implemented in the program
dependence, wittQes(i) ranging from 2.29-2.68 forp  grorr3! which is designed to carry out DFT calculations on
states, 10.16-12.11 ford states, and 28.3328.55 forf  thin films and crystalline solids using the all-electron linear
states. This result suggests that the orbital dependent spiBombinations of Gaussian-type orbital—fitting-function
orbit operator in Eq(11) could be replaced with an effective (LcGTO-FR technique®
I-dependent operator of the form The light-actinide metals FhPu, in their fcc phases,
provide an ideal test for the multi-atomic SNSO approxima-
tion, since GTOFF has already been used to study those sys-
(16)  tems with scalar relativistic and fully relativistic nuclear-only
DKH calculations:®> Moreover, the atomic volumes of the
light-actinide metals have recently become controvetsii.
where The basic issues involved can be illustrated with the case of
fully-relativistic GGA calculations on fcc Th. A series of
calculation$® using the full-potential linear muffin-tin orbital
Q(1)=0,2,10,28. .. 17) (FLMTO) method yielded an atomic volume for Th that is
roughly 10% smaller than the experimental volume, an un-
is the total number of electrons contained in all filled shellsusually large contraction for a GGA calculation. Subsequent
with n<I. Given the values 0Q.{(i) listed in the tables, calculations using two distinctly different methods, the
this model should at least provide a reasonable lower boundCGTO-FF method in the nuclear-only DKH approximation
to the exacQ(i) and has a rather transparent interpretationand  the  full-potential  linear-augmented-plane-wave
Henceforth, this approximation will be referred to as the(FLAPW) method:® instead found atomic volumes that
SNSO approximation, since the primary effect@fl) isto  agreed with experiment to within about 3%. For the series of

Z_ Qb

Z
hso(l)=ApK,(2L-S KpA
SO() p p( ) r3 r3

ptips

screen the nuclear charge. metals, Th-Pu, this general outcome was consistently re-
Atomic spin-orbit splittings obtained for Ce, Ta, and Pu peated with the LCGTO-FF and FLAPW atomic volumes
using the SNSO approximation are listed in Tables |, I, andbeing in good qualitative agreement with each otkar

[ll. Close inspection of the tables reveals that the SNSCQhough the spin-orbit induced shifts are larger for the
approximation produces results that only differ from theLCGTO-FF method, as expectednd the FLMTO volumes
neSO results by a few percent. For example, the SNSO afreing 3— 10% smaller. In each case, the former results were
proximation overestimates the splitting of the Ceerbital  closer to experiment than the latférTables IV and V list

by 1%, relative to the neSO approximation, versus the nearlthe atomic volumes and bulk moduli found in those studies
100% overestimate produced by the nSO approximationfor the fcc light-actinide metals using the GGA model.
Comparison of the SNSO results with the nearly exact nu- The large discrepancy between the FLAPW and FLMTO
merical Dirac resultgsee the errors listed in the tablés-  results was particularly perplexing, since those methods use
dicates that the maximum error is 6.1%6r the 6p orbital of  nearly identical approximations. Numerous test calculations
Pu), most of which is actually due to the DKH approxima- on fcc Th (Ref. 33 and 34 ultimately revealed that the
tion, not the SNSO approximation. These results suggest thaburce of this discrepancy is an unfortunate coupling be-
the SNSO approximation should, at least, be reliable for attween the muffin-tin radiugused in both methoglsand the
oms ranging from CeZ=58) to Pu £=94), and may prove spin-orbit coupling of the p state. In the FLAPW calcula-
useful for lighter atoms as well, since the errors appear taions, the muffin-tin radius was held fixed at a relatively
shrink asZ is reduced. small value throughout each series of calculations, whereas
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TABLE IV. Atomic volumes(atomic unitg for the fcc phases of TABLE VI. Atomic spin-orbit splittings(eV) obtained for the
the light-actinide metals ThPu obtained with the LCGTO-FF 6p and 5 orbitals of Pu using approximations and basis sets con-
method using three DKH approximatiofthe nuclear-only scalar-  sistent with crystalline LCGTO-FF calculations and LASTO calcu-
relativistic (NSR approximation, the nuclear-only fully-relativistic lations(Ref. 35 are compared with splittings from numerical Dirac
(nFR) approximation, and the screened-nuclear spin-q&NSO calculations. Errors relative to the Dirac calculations are also given.
approximationl are compared with results from scalar-relativistic

(SR and fully relativistic (FR) FLAPW calculations, and FR- Dirac LASTO Error LCGTO-FF Error
FLMTO calculations. All results are taken from Ref. 13, except the . )
present SNSO results and the FR-FLMTO res(Ref. 18. 6p 9.88 7.3 —26% 10.20 +3%

5f 0.99 0.98 -1% 0.98 —1%

nSR SR-FLAPW nFR SNSO FR-FLAPW FR-FLMTO

Th 216.9 2193 214.8 214.3 218.1 1999 yrawback to this approach is that the basis functions are
Pa 1715 1723 1739 173.2 1728 1602 forced to be orthogonal to the scalar-relativistic core states,
U 1461 147.5 151.5 1488 148.7 1386 not the fully relativistic core states. This problem is most
Np 131.6 131.4 142.2 137.2 137.9 125.8

significant for thep states, because the 1/2 states are very
Pu 1212 1223 1414 1334 1334 1192 different from the scalar-relativistic states near the nucleus.
This means that the basis set used is far from complete

the ELMTO calculations used a variable muffin-tin radius|ns|de of the muffin-tin sphere, and any small variation in the

: : Hasis functions can therefore produce large shifts in the en-
constrained to keep the ratio of the sphere volume to the ce dh h Hin-tin i bil
volume constant. If the muffin-tin radii were treated the same ' 9) @n¢ hence the muffin-tin instabiiity. R :
' To assess the impact of using scalar-relativistic basis

in both methods, they produced similar results. V\;unctions during fully relativistic linearized-augmented
Although the reasonable agreement between the FLAP later-type-orbital (LASTO) calculations on fcc Pu,

LCGTO'FF’ z_and experlm(_antal atomic volumes suggests th ernandcet al® calculated LDA spin-orbit splittings for the
the fixed-radius method is preferable to the fixed-volume- . S

. . e . 6p and 5 states of a Pu atom using a scalar-relativistic
ratio method, this conclusion is not entirely beyond argu- ; - :

L X L LASTO basis set similar to that used for their bulk calcula-
ment. One difficulty is that there are systematic difference ions. To allow a direct comparisosTorrhas been used to
between the |LCGTO-FF and FLAPW results. The larges aICLiIate the same splittin spwith ba,\sis sets that are similar to
disagreement is for fcc Pu, where the atomic volume foun hose used in the earr)lier cgr stalline LCGTO-FF calculations
with the LCGTO-FF method is 6% larger than the FLAPW These sets of spin-orbit s I?;tin s are compared with numeri.-
result. While the most likely source for this difference is the b piting P

2N ST ...~ cal DKS results in Table VI. The large impact that the scalar-
nuclear-only DKH approximation, the muffin-tin instability relativistic basis functions used in the LASTO methadd

associated with the FLAPW method may also have some o
. ) L d L e FLMTO and FLAPW methodsave on the splittings of
residual impact. Thus a significant uncertainty remains in the states is clearly evidenced in '?he 26% undereztimagt]e of the

calculated atomic volumes of the light-actinide metals. Thisg Splittin The excellent aareement between the
uncertainty can now be reduced with LCGTO-FF calcula—LEGTg_FFg' in-orbit splitii gd th cal it
tions using the SNSO approximation. Spin-orbit Spiitiings an € numerical resufts,

Since the differences between the various calculations ap-
pear to be rooted in the approximations being used for spin-
orbit coupling, a brief comparison of the methods is war-
ranted at this time. In the FLAPW and FLMTO methods, the
spin-orbit coupling of the core states is treated with a nearlyz
exact numerical method. The spin-orbit coupling of the band'g
states is included via a variational method. First basis func-e
tions are obtained by numerically solving the scalar-
relativistic one-electron equations for a muffin-tin potential. &
Those “scalar-relativistic” basis functions are then used to g 150
variationally solve the full-potential one-electron equations%
with a spin-orbit operator that is spherically averaged inside>
the muffin-tin sphere, and is set to zero outside. A serious

omi

TABLE V. Same as Table IV, except the entries are bulk
moduli (GP3. 10055 91 92 93 94

Atomic Number
nSR SR-FLAPW nFR SNSO FR-FLAPW FR-FLMTO

FIG. 1. Atomic volumes for the light-actinide metals -FPu

Th 59 57 63 64 73 62 obtained with the LCGTO-FF method within the SNSO approxima-
Pa 102 100 94 93 96 122 tion (solid line) are compared with results from nuclear-only DKH
U 101 125 110 120 99 148 calculations(dotted line; Ref. 183 FLAPW calculations(dashed
Np 142 137 112 132 140 161 line; Ref. 13, and FLMTO calculationgdash-dotted line; Ref. 18

Pu 170 153 97 85 121 143 An atomic volume for Th obtained with the LCAO method using

ZORA is also showr{diamond; Ref. 36
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and the absence of any muffin-tin instability in the moduli in Table V agree to the extent that can be expected
LCGTO-FF method, suggests that fully relativistic for a derivative quantity determined from a fit to a rather
LCGTO-FF results using the SNSO approximation should besmall number of points; typically five or six.
substantially more reliable than results from FLMTO or
FLAPW calculations.
Atomic volumes and bulk moduli for the fcc phases of the V. SUMMARY

light-actinide metals Th-Pu were calculated here withir-
OFF in the SNSO approximation, with the GGA, using the
same basi;nsets as were used in the earlier LCGTO-F
calculations:® Those atomic volumes and bulk moduli are : : L :

; g . .~ equations. This approximation is no more computationally
compared in Tables IV and V, and in Fig. 1, with the ear“erdemanding than the nuclear-only DKH approximation, and is

3,18 4; ;
GGA. results>*® discussed above. I_:|gure 1 also shqus anapplicable both to isolated atoms and extended systems. For
atomic volume for Th calculated quite recently by Philipsen

and Baerend$ using a linear combinations of atomic orbit- atoms ranging from Ce through Pu, the SNSO approximation

. A X . X yields spin-orbit splittings that agree with numerical calcula-
2|r?3i(tLS£lJ?))lirr:;)etiz(():g’rp\)lgrtgt(ra?jlafj“s/ilrslgctﬁge;(ta?gtcr:l-JgrlggrsgS[JIartions to within about 6%. For the fcc phases of the light-
approximationZORA).% The atomic volumes obtained here actinide metals, Th Pu, the SNSO approximation produces

: ' o . atomic volumes that are in excellent agreement with results
for Pa—Pu using the SNSO approximation agree with thefrom recent ELAPW calculation$
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