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A fully relativistic extension of the pseudopotential construction scheme by Troullier and Mprtiys.
Rev. B43, 1993(1991)] is presented. The resulting pseudopotentials are applied to a number of transition and
noble metal compounds. For an unambiguous discussion of the relativistic contributions the convergence of the
pseudopotential results with the size of the valence space is carefully investigated. Our results show that, for a
fully quantitative comparison with experiment, pseudopotential calculations for transition and noble metal
elements should treat the semicargtates dynamically, rather than via nonlinear core corrections. Using such
a large valence space, very good agreement of the calculated spectroscopic parameters with the corresponding
all-electron data is obtained. Reliable predictions seem to be possible, even for very critical systems like FeO.
The relativistic corrections are found to be significant for allt8ansition metal compounds considered.
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I. INTRODUCTION via the nonrelativistic KS equations. The latter step must be

modified as soon as the AE orbitals result from the solution

A substantial fraction of present-day electronic structureof the relativistic KS equations. Although in the core region

calculations, covering such a variety of topics as magnetithe POs experience much weaker total potentiats, the

materials(see, e.g., Ref.)Lvacancies and impuritiés, corresponding PPshan the AE orbitals, the depths of these
quasi-crystals, surfaces, clusterS and theoretical potentials are nevertheless often too large to allow for a com-
biophysics’ is based on the pseudopotentiBP) approach.  plete neglect of relativistic corrections. In such cases, use of

Among the various PP schemes the concept of normconseryhe nonrelativistic KS equation for the extraction of the
ing PP$ in the Troullier-Martins(TM) form® appears to be  screened PP from the PO introduces a sizable error. This
the most widely used. Both the original and the TM variante o hecomes visible as soon as the Dirac equation is solved

of hormconserving PPs are formulateq within thg 'frameworkfor the resulting PP. The solution deviates from the AE
of density functional theofy(DFT). While the original ap- spinor even in the valence region, as the inconsistency in the

proach starts with a fully relativistic all-electrdAE) treat- core regime is propagated into the valence regime by the

ment of the atom and its actual PP construction procedure Thtegration of the differential equation. In spite of its weak
independent of the handling of relativity, the PP construction 9 d ' P y

of TM explicitly makes use of the nonrelativistic Kohn- relativistic nature, this incons_istency ig not only a formal
Sham (KS) equations. However, relativistic effects already ProPlem. but rather shows up in a practical, numerical sense.
become visible in the spectroscopic constants of molecuies"€ TM scheme thus has to be reformulated within a fully
containing 3 elementgsee, e.g., Refs. 10—12 for the Copper'elativistic framework(Sec. I).
dimer and Sec. Iyand can definitively not be neglected for ~ The resulting PPs are applied to a number of prototype
heavy element§ In practical implementations of the TM molecules. In order to establish the reliability of the relativ-
scheme relativistic effects are thus sometimes taken into adstic TM scheme, we consider three noble metal compounds,
count in the AE calculation on the scalar-relativistic level, Ct,, Au, and AuH. These diatomic systems are particularly
while still using the nonrelativistic form of the actual PP suitable for an unambiguous analysis of the performance of
generatiort* Here we present a fully relativistic extension of the relativistic PPs, as very accurate AE reference data are
the TM approach which explicitly includes spin-orbit cou- available, both for the nonrelativistic and the relativistic
pling in the PP construction. This not only resolves the in-case’ *'®(especially for Cy).
consistency of the semi-relativistic procedure, but also pro- On this basis we focus ond3transition metal elements. It
vides the input for DFT calculations on the basis of TM-PPsis well known that for these elements the 8nd 3 semi-
without neglect of spin-orbit effectén analogy to spin-orbit core states cannot be completely neglected in a realistic de-
coupled energy adjusted PBs scription of compounds or the buld’=?2 Although these

In order to generate particularly smooth pseudo-orbitaistates are energetically well separated from theaBd 4
(PO9 the TM procedure augments the AE valence orbitals irvalence electrons, the spatial overlap between e 3p-,
the valence region by nodeless continuations into the corand 3d-densities is large. This overlap shows up both in the
region in such a way that the POs and their first four derivatotal energy and in the effective single-particle equations of
tives are continuous. The corresponding screened PPs for tR¥T via the exchange-correlatiofxc) energy functional
individual valence states are then obtained from these POs,[n] and the corresponding xc-potentialy,Jn]
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= S0E,{n]/on, asE,JIn] is a nonlinear functional of the i.e., for each angular momentuhsI ., present among the
density n. The neglect of the core density, in the total Vvalence levels of the atom of interest, a separate radial PP is
(spin) density is particularly critical for magnetic systems, used to represent the atom’s ionic core in electronic structure
as, in this case, the balance between the spin-up and Spiﬁalculations for molecules or solids. While the latter calcu-
down potentials is affected. For transition metal elements théations are typically based on the framework of nonrelativis-
semicore states are usually taken into account by inclusion dfc spin-density functional theoiy/Eq. (1) already indicates
nonlinear core correction®lcc.!” In fact, the nonlinearity  that, in general, a relativistic treatment of the atom is neces-
of E,[n] requires the application of nlccs also for many sary. Consequently, jaaverage is required for the transition
other atoms, like the alkaligfor a detailed discussion see from the relativistic,|j-dependent PPs,;, resulting di-
Refs. 22 and 28 It has been shown that in this way good rectly from a fully relativistic PP construction scheme, to the
agreement with AE results for bulk iron, cobalt, and nickelpurely I-dependent PPs usually applied in the poly-atomic
can be obtainef*® The situation is less clear for transition calculations. On the other hand, withoutaveraging, the
metal clustergcompare Refs. 24, 25, and )38nd has not vps)j Can be used as input to spin-orbit coupled PP calcula-
been examined at all for transition metal oxidésAs an  tions on the basis of norm-conserving PPs. As usual, a mul-
alternative to their representation by nlccs, one can treat théplicative partv,, of the total PP has been extracted from
semicore electrons dynamicafly,i.e., extend the valence the individual components in E@l). v\ is chosen so that
space by the semicore stafés. the resultingév .5 are short-ranged. For the calculations of
As a prerequisite for a reliable discussion of relativistic Sec. V always one of theaveraged ; is used for .34
effects in transition metal compounds, we carefully analyze For the construction of the individual,s|; one starts with
the convergence of the PP results with respect to the size @ AE calculation for a suitably chosen atomic valence con-
the valence spadgén Sec. IV A—some technical issues con- figuration (utilizing a spherical averageln the context of
cerning the construction of the PPs are discussed in Sgc. llithe LDA, often excited and/or ionized configurations are uti-
In particular, we investigate to what extent the representatiotized in order to stabilize unoccupied stafeshich may not
of the semicore electrons by nlccs can substitute their exeven be bound by the ground state KS potential. However, in
plicit dynamic treatment. For this question FeO provides &his contribution, we restrict ourselves to using the ground
very critical testing ground as one finds three states that argtate configuration only?
energetically competing for being the ground state, and even In the most general situation, the atomic AE calculation
rather  elaborate multi-configuration Hartree-Fockrequires the solution of the radial KS equations of relativistic
calculation$® do not correctly reproduce the experimental DFT (for the notation see Ref. 36
ground staté® |t represents a serious challenge for any
PP-scheme to reproduce the energetic ordering of the three
states, as predicted by AE-calculations with the same xc-
functional (which need not necessarily be identical with the
experimental ordering With the converged PP results we K
then investigate the importance of relativiip Sec. IV B). C( o — F) Pnij(r)=[vs(r) = €njlan;(r), (4)
For this conceptual study we utilize the local density ap-
proximation (LDA)3! for E.Jn]. It must be emphasized, Where
however, that the complete approach can be directly trans-
ferred to semilocal functionaldike the generalized gradient
approximation: GGA or fully nonlocal xc functionalglike
the exact exchange implemented via the optimized potential
method—see, e.g., Refs. 32 and.33

c (1) =[2Mmc—v4(r)+ € 1bn(r), (3

K
g+ —
r

ze?
Us(r):_T+UH(r)+ch(r)v 5

vH([n];r):4weZ[lfrx2dx n(x)+J’mxdx r‘(x)], (6)
ro r

Il. THEORY
_ . : . . OExn]
A. Relativistic extension of Troullier-Martins scheme ve([N];r)= 5—() (7
n(r
The general form of the semilocal PPs usually applied in

the context of DFT i
a1 (1) +bp;(r)?

e ®

n(r)=2>, Oy
et nlj 4arr
(Hopdr") =05 — 1) 4 2
Up Vloc r2 with ®,;; denoting the occupation of eactj subshell &
| | =—=2(j—1)(j +1/2)—we use the standard form of the
o . spherical spinors as given by Rd$e Self-consistent solu-
XZJO 5Us|,l(r)m27| Yim(2)Yin(Q'), (1) tion of Egs.(3)—(8) provides the total AE potential as well
as the radial AE orbitals,,;; andb,; and the eigenvalues
€n|j .
On the basis of these solutions one has to choose a set of
2 , e
cutoff radii r | for the individual valence states, thus sepa-

2j+1
50s|,|(r)=j:|ﬂ/2 m[vps,u(r)—vloc(r)],
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rating the(outen valence from théinnen core region. While
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is of any practical relevance, given the fact that all quantities

the pseudo-orbitalPO) is required to be identical with the involved in Egs.(9)—(11) are only known within some finite

AE orbital forr>r., one has to make a suitable ansatz fornumerical accuracy.

the PO inside the core region. This step is somewhat com- A first answer to this question is provided by the follow-
plicated by the fact that, in the relativistic situation, eaching considerations: The POs not only serve as a vehicle in
orbital consists of two components. Clearly, for all valencethe construction of the screened PPs, they are also required

and semicore states,; dominates ovemb,,;, so that the

for the elimination of the interaction among the valence elec-

primary quantity for the PP construction is the large compo-rons (and their spurious self-interaction, if presefitom

nent. The standard TM schefrius suggests the ansatz

B ani(r) for r>r
Aps)j(r)= r'*lexdp(r)] for r<rqp, ®
6
p(r) =3, car?, 10

for the large component of the P®.In the standard TM
procedure the corresponding screenecb%-?j (which is the
total potential of whicha,g; is an eigenstajeollows imme-
diately from the nonrelativistic KS equatién,

Us for r>rg,

N ’ ” 12
psli | I+1p_+p +(p")

4 for r=rg,.
Ty m 2m .

(11)

Equations(9)—(11) would be consistent i&,; andvs were

v;g“ . In the most simple case, linear unscreening is used for
this purpose:

Ups,lj(r):U;(s;,lj(r)_UH([nps];r)_ch([nps];r)a (14

aps,lj(r)2+bps,lj(r)2
P .

>

occ.val.orb.

(15

nps(r): ®an

r

(Note that the precise form of the unscreening is irrelevant
for the arguments to follow.In the unscreening procedure,
one cannot simply ignore the existence of the small compo-
nent by settind,); =0, absorbing its norm contribution via

forcdr a(r)’+ f:dr b(r)?= forcdr apd1)*.

This would lead to an incomplete cancellation of the AE xc
potential byv, ([ npsl;r) and also affect the charge balance
of the system, and thus the ngi (the charge represented by

_ d be _ . > 4
related via the nonrelativistic KS equations. In the presentPnij In the valence regime is of the order of T6-10"* for
more general situation, however, the AE orbitals are solymost states, while its total norm contribution is larger by

tions of the Dirac-type equation®) and (4). Thus, for a
continuous PO of the forn®), (10), the PP(11) is discon-

roughly one order of magnituge
The most direct way to evaluatg); is the solution of

tinuous atr,, in obvious contradiction to the TM concept. Egs.(3), (4) for the PP(11). However, due to the nonrela-

In fact, in the complete core region the P®), (10) (together
with the associated small componedbes not really solve
Egs.(3) and(4) for the PP(11).

tivistic form of (11) for r<r, the solutions of Eqs.3), (4)
do no longer have exactly the same eigenvalues as the AE
states. For the size of this eigenvalue deviation, not only is

To analyze this problem in more detail, it is most conve-A(r'c,) relevant, but rather the magnitude &fin the com-
nient to combine Eqg3) and(4) to a second-order differen- Plete core region. For instance, for Cu the eigenvalue shift

tial equation for the large component,

1/ 1 [(1+1) (4,A) p
ﬁ(ﬂ)[ﬁf‘r—z+m‘“r a(r)
=((r)—ea(r), (12
where
v(r)y—e
A(r)=m— (13

experienced by the &, orbital amounts to 10 mHartree,
reflecting the fact that fod states of transition or noble met-
als the ratio ¢ ,s— €)/(2mc?) may become as large as 10
inside the core region. As a consequence, unscreening with
the solutions of Eqs.3), (4) for the PP(11) also leads to an
incomplete cancellation of the interaction between the va-
lence electrons, so that in the unscreenedPthe valence
regime is affected by the size df in the core regior(see
Sec. IV for a numerical example of the consequences of this
effect for molecular resulis

This problem can be circumvented by constructing the
small component of the PO in an alternative way. Evaluation

and all quantum numbers and indices have been dropped f%rf by by insertion of Eqs(9) and (10) into Eq. (3)
ps . 1

brevity. Equation(12) not only applies for the AE solution,

but also establishes the connection between consistent rela-

b(r) for r>rg,

tivistic POs and PPs in the core region. As is obvious from

Eg. (12), the relevant ratio that characterizes the difference bp(r)=
between the relativistic and nonrelativistic KS equations is

A, so that the inconsistency between E@.and (11) is of
the order of 1¢?. In the standard range ofr ¢,
(0.5-3.0 Bohr)A is of the order of 10*—10 3. One may
thus ask whether the inconsistency inherent in Egjs-(11)

c[(I+1+xk)/r+p'(r)]axdr)

for r=<r,
2mc®—vpdr) + e

(16)

guarantees that the resulting PO is identical with the AE
orbital forr>r.. Moreover, requiring proper normalization,
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re re TABLE I. Cutoff radii used in this work. Wherever different
J dr[a(r)?+b(r)?]= J dr[aps(r)2+ bps(r)z], orbitals have been utilized to generate PPs for a givasthr . are
0 0 listed.
(17)
e [BOhI’] I nice

one is left with a minor charge redistribution in the core
region. Equationg16) and (17) are equivalent to the ap-
proach taken in the scalar-relativistic PP schéfras in the g 10 09 — 027

Atom s p d [Bohr]

latter, the small component is completely suppressed, allow, 3:08 4:22 308 426 08 0.3
ing for a unique normalization of the large component. How-,, 3: 081 4:253 3081 4:275 081 043
ever, this construction df,s does not resolve the fundamen- 3:08 4:22 308 426 08 03
tal problem that the P@), (16) is not an eigenstate of the 307 422 307 426 07 0.3
PP(11). While thej average(2) usually masks this problem, 3 07 420 3 07 4 25 07 025
the basic inconsistency becomes immediately obvious in ap- o o o L ' '
lications of the resulting unscreened PP to atoms. Self(-:UI 07 42l 307 42506 0-25
P Au 5. 0.85; 6: 2.2 5: 1.0; 6: 3.0 1.2 0.6

consistent relativistic calculations with this PP do not yield
the original AE levels as eigenstates.

To be consistent, the PRL1) therefore has<to be aug- (a1)—(A5) are only of minor importance compared to those
mented by some relativistic correctidiv,; for r<rc,, in Eq. (18), asA(r) is much smaller at=r, than inside the
core region.

() vg(r) for r>rg,, 18
v (r)=

psli Vel (1) + 6vy(r) for r<rg, B. Nonlinear unscreening
The unscreeningl4) implies a linearization ob,Jn] as

as the core-valence interaction is concerned. The nonlin-
earity of the xc functional can be taken into account by in-
clusion of nlccs,"?

(note that this extension of the PP can equally well be use(t:i
within the scalar-relativistic framewopkin contrast to its '&f
nonrelativistic limit, the nonlinear relatiofi2) does not di-
rectly allow to determine ; (or, alternatively,sv) for given
a(r), so that one has to resort to some approximation. In nlec, .\ — . SC _ ey .
view of the size ofA, a first-order weakly relativistic expan- Ups. 1) =Ups, (1) = Un([Npsl: 1) =0l [Mpst N LT (21)
sion of (12) offers itself,
In order to end up with a sufficiently smooﬂﬂ';f, the AE
core densityn, is usually modified for smaller than some
a=(v—ea. core-cutoff radiusr .. For this smoothly truncated core
(19) density,n. ,s we have used the forth

[(I+1)

(1+A)| 9?— | +A

(9+K
2m "o

Insertion ofv jc=vpe™+ 6 into Eq.(19) yields év in terms
sc,nr
of vy anda, Nepdl) =

) ne(r) for r=rec,

6
no+ >, nirt for r<ryee,
0 23 i nicc (22)

_(UFS)(S:,HI’_ 6)2 . (v;(;.n ’

2mc? 4m?c?

!
a
S
ov P

aps I (20

requiring continuity ofn; ,s as well as its first four deriva-
tives atr,... The actual values of,.., which have been

Equations(11), (18), and(20) provide an excellent approxi- Chosen rather conservativelipr a detailed discussion of this
mation to the potential satisfying the fully relativistic rela- issue, see Ref. 22are given in Table I.
tions (3), (4) for a PO of the form(9), (10), (16). The re-
maining inconsistency of the order 1/can no longer be Ill. TECHNICAL DETAILS
resolved, given the limited numerical accuracy of the AE
solution and all subsequent steps. Correspondingly, the ei-
genvalue shift discussed earlier is reduced to the order of In order to allow for convergence studies, a series of PPs
10 uHartree or less, and the POs generated by solution dias been produced for alld3elements, starting with the
Egs.(3), (4) with the PP(11), (18), (20) are extremely close minimum valence spacedds and successively including the
to the AE orbitals for >r,. 3p and & electrons?® This implies that ultimately twos

It remains to determine the coefficierts; in (10) in a  orbitals are included in the valence space. One can then
relativistically consistent form. As in the nonrelativistic choose between two states from which tiéP can be con-
limit, one requires the continuity ddg; and its first four  structed. Using the energetically lowsrstate, i.e., the 8
derivatives ar ., (and normalization of the POThe actual orbital, the pseudo gorbital is obtained as the second low-
implementation of these conditions, however, now make®st state bound by thePP and thus exhibits one node. At
use of the relativistic KS equatiofi2). The corresponding first glance, one might expect this first excited pseudo-orbital
relations are explicitly given in the Appendix. Note, how- to differ significantly from the AE 4 orbital. However, this
ever, that in general, the relativistic corrections in Egs.s not the case, as can be seen from Fig. 1, in which these

A. Details of the pseudopotential construction
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0.7 rate hard PRi.e., for r. 4=0.8 Bohr). On the other hand,
0.6 further reduction of . 4 to 0.6 Bohr does not change any of
0.5 the spectroscopic constants.

0.4

0.8 B. Details of the molecular calculations

For the molecular PP calculations, we have used prolate-
elliptic coordinates and a Hylleraas-type basis. For the tech-
nical details of this nonrelativistic spin-density functional ap-
proach, the reader is referred to Ref. 41. Taking all technical
sources of inaccuracigbasis sets, grids, ejctogether, the
resulting equilibrium bond lengthsR() are converged to
better than 0.01 Bohr, while dissociation energigg)( are

FIG. 1. Large component ofsorbital of Fe. PO generated from correct within 0.01 eV and vibrational frequenciesf
3s-PP in comparison with AE result. within 10 cm ! (for given PP.

Our AE calculations for FeO have been performed with

the Amsterdam cod& High quality triple zeta basis sets

ave been used for both Fe and O. For oxygen, an additional
c}E)olarization function has been included.

r [Bohr]

two states are compared for Fe. The twe drbitals are
almost indistinguishable in the valence regime. Correspon

ingly, the eigenvalue of thesAPO obtained from the SPP In the case of open-shell atoms, the atomic ground state

is only marginally different from the AE geigenvalue gnergy used for the evaluation &f, needs some further
(2 mHartree). _ specification in order to allow for unambiguous comparisons.
In spite of this very good agreement, the small differences)yite generally, both the exact ground state density and the
between the two orbitals in the valence regime would lead t@ensity, which minimizes the LDA ground state energy func-
a minor mismatch between nag] andov, [Ny if Npswas  tional, are nonspherical for this class of atoffts a detailed
evaluated with this ¢-PO. For maximum consistency we discussion see Ref. %3 Moreover, nonspherical atomic
have thus always used the-O generated directly from the ground state densities often lead to binding energies which
AE 4s-orbital in the unscreening procedure. To constructare closer to the experimental valfé<On the other hand,
this 4s-PO, one has to choosg s somewhere in between the many calculations in the literature are based on atomic ref-
two outermost nodes of the AEs4rbital, so that the pseudo erence energies that correspond to spherically symmetric
4s state again has one notfe. densities. In this work, we have thus restricted the atomic PP

Analogous statements hold fod4nd 5 elements. Quite ~ calculations for Fe, Ni, and O to spherical densities, in order
generally, it seems that it is slightly preferable to use thd® Pe consistent with the evaluation of the nonrelativistic AE

25,42
higher state for the generation of the PP, as the corresponf€ference values fabe .= .
ing PO is more important for the poly-atomic electronic 't SE€MS worth mentioning that the use of nonspherical

structure. While we have found essentially no difference inatomic densities appears to be problematic for PP calcula-

the molecular results obtained with the twd®P for the 3l tions without nl_ccs. F(_)r Instance, the_: AE ground s_tate energy
elements, use of the PP generated from thestte yields of oxygen obtained with a nonsphenc_:al potent_|al is 0.106 eV

P . : lower than that found with a spherical densisee Table
spectroscopic parameters for Auwhich are marginally

Il—in our calculations, a nonspherical density always im-
closer to the AE-datahe results of Tables VIil and IX cor- plies a nonspherical total potenyiaWhile this energy gain is
respond to this PP

. , well reproduced by the PP calculation with niccs (0.107 eV),
Rather hard cutoff radii have been used for this concepy; s clearly overestimated without nlccs (0.163 eV). As

tual study, in order to avoid any inaccuracies, which couldraple || shows, the effect can be similarly large even in the
result from a softer choice for these input parametse®  case of extended valence spaces. For Fe one finds an energy
Table ). The sensitivity of the molecular results to the cutoff gain of 0.079 eV without nlccs for theshell, 0.027 eV with

radii chosen has been checked in detail for the various stateficcs. This overestimation introduces a systematic error in
of FeO, using the B3d4s valence space for Fe. Our stan- the correspondin®., obtained from PP calculations without
dardr.’s for this configuration are 0.8 Bohr for the and  nlccs(compare Ref. 22

d-PPs and 2.2 Bohr for the-PP. Increasing the 8 cutoff

radius from 0.8 to 1.6 Bohr, both the bond length and the IV. RESULTS

harmonic frequency remain essentially invariant, while the

binding energy is reduced by 0.05 eV. Differences of the A. Role of semicore states

same size are found between (=2.2 Bohr andrq In this section we examine the convergence of molecular
=2.7 Bohr. Consequently, the spectroscopic parameters aresults for transition metal compounds with respect to the
rather insensitive to variation of thep3and 4 cutoff radii.  size of the valence space and, in particular, to what extent

The 3 cutoff radius, however, must not be increased be-nlccs can substitute the explicit dynamic treatment of semi-
yond 0.9 Bohr if one wants to keep the resulting equilibriumcore states. As this question is not intimately linked to the
distance within 0.1 Bohr of that found with the more accu-relativistic approach and only nonrelativistic AE reference
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TABLE II. Atomic ground state energies. Role of nonspherical deffsitsll calculations are strictly
nonrelativistig.

=
Atom Mode spin? spin | [Hartred
0 AE 2s2p® 2s2pt 74.52741
o AE 2017230 2030 74.53129
0 PP x2p° 2s2pt 15.80945
o} PP 17’30 2030 15.81543
0 PP %2p3+nlcc 2s2p*+nlcc 18.73802
(e} PP 217?30+ nlcc 2030+nlcc 18.74196
Fe PP 33p?3d°4s 3s3p33di4s 122.99089
Fe PP 42m°5018%6037° 70 40272506037t 122.99379
Fe PP 33p®3d°4s+nlcc 3s3p®3dY4s+nlcc 144.66126
Fe PP 4r2m°5018°6037°70+nlcc 402 7?50603 7+ nlce 144.66226

datd® are available, all PP results of Sec. IV A are strictly 3p electrons yields worse results than their representation
nonrelativistic. The spectroscopic constants obtained wittvia nlccs. Finally, for the 83p3d4s valence space the PPs
the various PPs for four prototype molecules are summarizedith and without nlccs again give the same valueRgr(and
in Tables Il and IV. We start the discussion by an analysisw,).
of the A ground state of Fg the observations being char-  Comparing the results from the largest valence space with
acteristic of all other states considered. the AE dat&> one finds perfect agreement figg, indicating
Focusing first on the data obtained without nlccs, it isconvergence of the PP approach. On the other hand)the
obvious from Table Il that the minimum valence spaceobtained with the PP without nlccs is still in error by almost
3d4s is completely inadequat@s is well known. The in- 0.5 eV. In view of the very small core, this discrepancy is
clusion of the ® electrons in the valence space drasticallysomewhat surprising. It can, however, be traced to the non-
improvesD, ; however, at the same time it even worsens thdinearity of E,J n]. Even the xc-interaction of the semicore
agreement oR, with the AE reference value. On the other
hand, when going from the @Bd4s-PP to the 33p3d4s TABLE IlI. Bond lengthR,, dissociation energ,, (including
configuration, R is reduced by 0.1 Bohr. As neither the zero-point energyand harmonic frequency, of transition metal
mere overlap of the 8with the 3d orbital nor the polariza- dimers: Nonrelativistic PP versus AE calculatiofis.
tion of the 3 density can be responsible for this efféoth-
erwise the differences between the minimum-PP and the PP valence Re D, we
3p3d4s-PP had to be larggrthis indicates that the outer- Mode configuration [Bohr] [eV] [cm 1]
most node of the g-orbital has some relevance for the mo-

642
lecular electronic structure. This node is located at]:ez PP 3’6452 A 422
1.04 Bohr, i.e., even beyond the region where tHeogbitals PP Ias tnlcc 372 409 426
PP 3°3df4s? 3.78 340 452

and the semicore density have their maxima, so that this

. . . 6 642
manifestation of the orthogonality between theahd the 3 PP 3°3d°4s®  +nlcc 378 418 450

state can actually affect the molecular results. PP %’3p°3d®4s’ 3.68 391 440
This conclusion is confirmed by the spectroscopic con- PP 3’3p°3d°4s® +nlcc 3.68 431 440
stants found with nlccs. Even for the minimum valence space AE?® 3.68 438 497
the 3s density is now taken into account, while the Bode PP 3d74s +nlcc 361 394 400
is still suppressed. As Table Il showB, is always signifi- PP 3s?3p%3d°4s? 370 412
cantly improved by the inclusion of nlccs. However, the
same is not true foR, and w.. On the one hand, the nlccs Ni, PP 38452 3.86 393 367
reduce the error iR, by 40%, in the case of the minimum 3% PP 8452 +nlcc  3.89 342 363
valence space. On the other hand, tip884s valence space PP 308452 389 354 372
shows that this improvement must be regarded as fortuitous. PP P%3d84s?  +nlcc 3.90 341 370
For this configuration the inclusion of nlccs does not affect PP 3?3p°3d®4s? 385 356 363
R, at all, so that the optimum PP without a dynamic treat- PP  *?3p®3d®4s? +nlcc 3.85 3.49 362
ment of the 3 electrons overestimatd®, by 0.1 Bohr. In AE25 3.87 3.64 354

other words, if nlccs are used the dynamic handling of the
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TABLE IV. Same as Table Ill for transition metal oxides. TABLE V. Low-lying excitation energies of FeO. Nonrelativis-
tic AE versus PP resulf§.
PP valence Re De we
Mode configuration [Bohr] [eV] [cm Y] Mode PP valence SA—53 5373
configuration [eV] [eV]
FeO PP 8%4¢? 311 506 852
S5A PP %452 +nlcc 305 6.60 956 PP A4s? -1.32 -0.02
PP 383d%4s? 307 6.12 960 PP %452 +nlcc 0.14 0.69
PP P°®3d®4s>  +nlec 3.07 662 974 PP 363d%4s? -0.16 0.56
PP 323p®3d%4s? 299 6.65 962 PP P°3d84s? +nlcc 0.12 0.75
PP %23p%3d®4s? +nlcc 299 7.00 968 PP F?3p°3d®4s? 0.20 0.57
AE 3.01 7.06 957 PP F?3p®3d®4s?  +nlcc 0.40 0.65
AE 0.36 0.71
FeO PP 8452 310 6.38 953
53, PP %452 +nlecc 311 6.46 939
PP P3d04s? 312 628 959 vergence, with respect to the size of the valence space, and
PP °3d°4s? tnlcc 312 650 955 the reduced effect of nlccs indicate that the semicore states
PP 323p°3d®4s? 304 6.45 048 and thus also the nodal structure of the atbital are not as

PP 323p°3d%4s? +nlcc 3.04  6.60 947 important as for Fe(see Tat_JIe II)_. It is _nevertheless V\_/orth
noting that in the case of Blithe inclusion of the semicore

AE 3.06 6.70 942 . . ;
states into the 84s-PP via niccs even leads to an increase of
FeO PP 2642 317  6.40 921 Re, while their dyqam|c treatment reduges the bond length.
7 642 The same feature is found for tf& and 'Y states of FeO.
3 PP 3°%4s +nlcc  3.19 577 886
P In the case of FeO, the energy gaps between the three
PP 3°3d®4s 319 572 902 ) = 5 - ; .
bp 634642 4nl 319 575 895 low-lying states®A, °3, and ‘Y provide a further quality
:jo o GS 5 nice : : criterion for the PPs. As different spin states are involved,
PP F°3p°3d°4s 3.13 5.88 881

the size of the excitation energies also indicates how well the

2 6 642
PP 3°3p"3d°4s” +nlcc 313 595 876 agnetization of the corresponding bulk material can be re-

AE 315 599 877 produced. As Table V demonstrates, thé43-PP without
. niccs suggests th&, to be the ground state, thep3d4s PP
Cr0 PP 3°4s 3.27 442 719 without nlccs the®S, both results being in contradiction to
°1l PP H°4st tnlcc 311 577 926 the AE calculationand experiment Also, the standard PP
PP 3°3d°4s’ 316 540 917 for Fe (minimum valence space plus nigcdoes not give
PP P°3d°4s'  +nlcc 313 585 967 realistic energy gaps. Even in the case of the largest valence
PP 323p53d°4s! 3.01 6.06 952 space, nlccs are required for an accurate description of the
PP F?3p°3d°4s'’ +nlcc 299 6.38 978  subtle energy balance between th& ground state and the
AE®L 302 6.15 976 53 first excited state.

Another quantity that offers itself for a comparison is
the static electric dipole moment. The corresponding AE and
with the core states shows up By, particularly for high PP data for the’A state of FeO are listed in Table VI for

spin states. This is immediately clear from the corresponding Number ofR-values. Given the sensitivity of the dipole
PP with niccs. The resulting, is almost on top of the AE moment to the basis set size, the agreement of the
energy. Thus, for a fully quantitative reproduction of the AE 3S3P3d4s-PP values with the AE numbers over the com-

structure and energetics of iron compounds, the combinatioRj/€t€ range oRis excellent. At the experimental equilibrium
of a large valence space and nlccs is required. distance of 3.06 Bohr the predicted moments are

For further support of this conclusion, the results from4-462 Debye in the case of the AE and 4.486 Debye for the
two PP-calculations in the literatdré are listed in Table 111. PP calculation. On the other hand, the43-PP with niccs is

On the basis of ultra-soft PR&ef. 46 for the 3 and 4  Systematically off by almost 0.3 Debye.

orbitals and nlccs for both semicore staiRsis underesti- . ]

mated by 0.07 Bohr ana, by 97 cmi L. On the other hand, TABL_E_VI_. Dipole moment(in Debyse for th_e A _state of FeO. _
use of ultra-soft PPs for all relevant valence and semicoré‘onrelat'v's“c AE versus PP results for various internuclear dis-
stated! yields results which are much closer to the presenfanceSR'

and the AE data.

i : AE PP
The picture sketched by the results for, kg confirmed
by all other transition metal compounds considered here. “[|Bohr] 3s°3p°3d°4s’ 3d%s”+ nice
particular, the reduction dR, by the dynamic treatment of 2.90 3.92 3.93 3.66
the 3s electrons is present for all molecules. While for FeO it 3,00 4.27 4.29 4.03
is of the same size as for ket is even larger for CrQsee 3.10 4.59 4.61 4.37

Table 1V). For Niy, on the other hand, both the faster con-
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0 TABLE VIIl. Same as Table Il for noble metal compounds.
SaSiol- fFSiiTim TanimaT -izizi-
__________________________ PP valence Re De we
05 F —— i Mode configuration [Bohr] [eV] [cm Y]
Cu, PP %48t 414 258 268
— ) PP %s? +nlcc 414 258 281
4Lk i PP P83d04st 414 259 286
et PP P%3d%st  +nlcc 414 259 286
’ PP  ¥?3pf3di%s! 410 265 286
[a.u] PP  323p%3d%s! +nicc 4.10 265 286
A5 . AE™ 410 265 330
Au, PP 5'%s! 510 198 136
2 - D) PP 5%s? +nlcc 511 198 135
Fe: 3p
--------------- PP 5°05d1%s?! 511 199 138
AR PP: PP: PP: PP 5°5d%s!  +nlcc  5.11 1.98 138
3s3p3dds  3p3dds 3d4s PP  5°5pf5di%6st 504 2.04 136
25 PP  525p55di%s! +nicc 5.04 204 136
FIG. 2. Nonrelativistic spin-up eigenvalues of Fe@r R AE!! 508 195 135
=3.0 Bohr). Various PPs without nlccs in comparison with AE
result  (o-levels—solid lines, m-levels—dashed lines, AuH PP %! 321 268 1704
&-levels—dotted lines ) PP 541%s? +nlcc 320 269 1704
PP 5°5d1%s?t 324 262 1693
A more microscopic measure of the performance of PPs PP 5%5d%s!  +nlcc  3.25 2.62 1692
are the molecular KS eigenvalues. The spin-up single- PP  5?5pf5d1%s! 321 268 1704
particle spectra of FeO corresponding to the various PPs are PP  525pS5di%s! +nlcc 3.21 2.69 1704
compared with the AE-spectrum in Fig. 2. In accordance AELL 321 263 1728

with the quality of the spectroscopic parameters, the eigen

values of the 84s-PP are clearly different from their AE-
counterparts. In particular, the dlevel is bound too

mates the AE number by roughly a factor of 3. Inclusion of

strongly. The »3d4s-PP leads to a substantial improve- niccs in this PP, on the other hand, leads te-@ transfer
ment. The only obvious discrepancy to the AE spectrum ienergy reasonably close to the AE value. The improvement
the underestimation of the splitting between the &1d the by nlccs is much less dramatic for Ni. Moreover, while the
41 level and the corresponding overestimation of the gambsolute errors of the optimum PPs are similar for both at-
between the 8 and the 1. Finally, the 33p3d4s-PP pro- oms (60—70 meV), the percentage error is 45% in the case
duces a spectrum that agrees rather well with the AEeof the very smalk-d transfer energy of Fe, but only 4% for
eigenvalues, in accordance with the quality of the spectroNi. Among the elements listed in Table VII, Fe is clearly
scopic data. most sensitive to the handling of the semicore and core
All these findings are in line with the results for atomic states.
excitation energiescomparé??*j. For Fe, all PPs without For completeness we also list the spectroscopic constants
nlccs give completely inadequate values for theof three noble metal compounds in Table VIIl. One notes
5D(3d%4s?)— 5F(3d’4st) excitation energy, as can be that even the minimum valence spag¢e—1)d’ns') with-
gleaned from Table VIf® Even the 33p3d4s-PP overesti- out nlccs gives rather accurate results in the case of these

TABLE VII. 3d"4s?—3d"*14s! excitation energy: Nonrelativistic AE versus PP restflts.

PP valence Eo3d" " 14sh) — E,(3d"45?) [eV]
configuration Cr Mn Fe Co Ni
3d"4s™ —2.950 4.170 2.361 0.692 —0.785
3p®3dn4s™ —2.234 1.735 0.702 -0.324 —1.327
3s?3pf3d"4s™ —2.090 1.379 0.445 —0.490 —1.410
3d"4s™ +nlcc —2.146 1.202 0.311 —-0.584 —1.447
3p®3d"4s™ +nlcc —2.086 1.109 0.229 —0.656 —1.513
3s?3p®3d"4s™ +nlcc —2.020 1.082 0.212 —0.666 —1.512
AE —2.060 1.026 0.146 -0.721 —1.573
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TABLE IX. Spectroscopic constants of noble metal compounds: TABLE X. Same as Table IX for transition metal compounds.
Relativistic PP versus AE calculatiof§IPP corresponds to a par-

tially relativistic PP(see texk PP valence Re D, we
Mode configuration [Bohr] [eV] [cm 1]
PP valence Re D, We
Mode configuration [Bohr] [eV] [cm 1] Fe RPP 3°4s? +nlcc 369 376 435
A RPP  323p%3d®4s? +nlcc 3.66 3.95 451
Cuw, IPP 30%4st 3.66 3.78 474 Expt>? 382 1.30 300
D) IPP 3p53d%%st 394 342 338
PP 35°3p°3d'%s! 385 4.07 349 Nj, RPP 31%4s?>  +nlcc 3.85 3.58 378
) RPP  323p®3d®4s? +nlcc 3.81 3.65 381
RPP 311%st 407 274 298 Expt5* 407 207 330
RPP P63di%st 408 276 304
RPP  3”3p°3d'%s’ 404 283 304 FeO RPP 8%4s2  +nlcc 3.03 645 972
RAE'? 405 285 306 S\  RPP  3%3p®3d®4s® +nlcc 297 6.80 984
Expt>? 420 205 265 Expt 2930 3.06 4.06 881
Au;  RPP  5°5p°5d'%s' 460 304 198 sy RPP 3%4s>  +nlcc 3.09 6.44 956
'S RPP 5°5p°5d'%s' +5f° 461 302 198 RPP  3?3p®3d4s? +nlcc 3.01 6.59 969
RAE® 464 3.00 196
Expt®? 467 230 191 7y Rpp 3%s?  +nlcc 317 571 888
RPP  3%3p%3d®4s? +nlcc 3.12 5.88 884
AuH RPP 5?5pf5d'%s! 2.87 3.86 2341
'S RAE® 289 378 2339 Cr0 RPP @4s'  +nlcc 310 592 940
Expt>? 2.87 335 2305 5;T  RPP  323p®3dS4s' +nlcc 2.99 653 991

Expt>! 3.05 4.41 898

elements. This shows that the spatial overlap betweendhe 3
and 3 orbitals is only of minor importance for Cu and Au, I, this leads to an incomplete cancellation of the interaction
so that nlccs can be safely neglected. Nevertheless, it seeramong the valence electrons, the effect being of the order
worth pointing out that again the dynamic treatment of thel/c?. As is obvious from Table X, the corresponding mo-
(n—1)s electrons is required to obtain the correct bondlecular data are rather different from those of the consistent
lengths(in the case of Ag, we believe that the discrepancy PPs. They neither converge systematically with the size of
between PP and AE data is due to the use of an insufficierihe valence configuration nor are they close to the AE values.
basis set in Ref. 11—compare the relativistic values of SecThe particular sensitivity of the molecular results to an accu-
IV B). rate unscreening does not allow for inconsistencies of the
order 1¢2.

Comparing the relativistic PP data to experiment, one ob-
serves the well-documented deficiencies of the L3Ahe

The discussion of Sec. IV A has set the stage for an analyt DA underestimates}, for third row elements and clearly
sis of the role of relativity for 8 compounds. The spectro- overestimate®.. However, in the present context, the rel-
scopic constants obtained with the relativistic TM PPs areevant reference data for the PP results are provided by an AE
summarized in Tables IX and X. We first analyze the resultcalculation using the same xc-functional, rather than by ex-
for the noble metal molecules listed in Table IX. For theseperiment. Of course, the PP cannot and should not correct for
systems, accurate relativistic AE results are available in théhe errors of the LDA. The remaining discrepancies, with
literature®8so that they are ideally suited for analyzing the respect to experiment, can be accounted for by inclusion of
performance of the relativistic TM PPs. In order to empha-gradient corrections i&,J n],*? and the present PP approach
size the importance of a consistent relativistic PP construcean be directly applied for such gradient corrected function-
tion, we first reexamine the convergence of the PP resultals.
with decreasing size of the core for £dwo sets of PPs are In order to test the performance of the relativistic PP in
compared. On the one hand, the consistent relativistic PRbe highZ regime we have studied Awand AuH: gold com-
developed in Sec. Il A show a completely analogous behavpounds reflect the “gold maximunt® of relativistic effects
ior as their nonrelativistic limits. They converge in a similar observed in the periodic table. As Table IX shows, the agree-
manner and the8p3d4s-PP reproduces the relativistic AE ment of the $5p5d6s-PP results with their AE
data very well. On the other hand, we give the spectroscopicounterpart§!® is very satisfying, taking into account the
parameters obtained with a PP based on a partially nonrel@nhanced importance of basis set limitatigimsthe case of
tivistic TM scheme. This “inconsistent” PRIPP) results AuH, the AE data correspond to a weakly relativistic
from an unscreening of the PR1) with POs obtained by calculatiort?). While our results are stable against variation
solution of Eqs(3) and(4) with this PP. As discussed in Sec. of basis and grid sizes on the 0.01 Bohr and 0.01 eV level,

B. Importance of relativistic corrections
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the convergence study of Liu and van'lén,'® with respect  0.26 (Ni,) Bohr and binding energies, which are too large by
to their AE basis set size, seems to indicate that the true Al,ore than 2 eV. In their AE calculations Casted al2®

bond length of_Ag is §omevyhat shorter t_han the valug_of showed that for Feand N, one can bridge part of this gap
4.64 Bohr thalqeq with their largest basis set. In addltlonby inclusion of gradient corrections. For instance, fop,Fe
their AE dissociation energy seems to approach a valug,e gradient terms increas by 0.05 Bohr and decreas,

slightly larger than 3.00 eV, so that fully converged AE re-py more than 1 eV. We expect an analogous behavior for the
sults should be even closer to our PP data. PP approach.

We have also checked the effect of facomponent in the
PP for Au. Following the procedures of both Bacheieal.”
(using A" and a partial occupation of thef State in order
to make the 5 state bound within the LDAand Hamant? In view of the consistent and accurate performance ob-
(using the &-eigenvalue as orbital energy for tliestatg,  served so far, the PP construction scheme presented in this
two differentf-PPs have been constructed. Consistently, inpaper offers itself as an extension of the standard TM proce-
clusion of either form of thé-PP led to an increase of the dure to all elements for which relativistic effects cannot be
bond length of Ay by 0.01 Bohr and a decrease Bf by  neglected. As our results show, proper account of relativity is
0.02 eV. Omission of thecomponent thus accounts for only not only pertinent for an understanding of the cohesive prop-
a minor part of the difference between PP and AE data. erties of very heavy elements. Relativistic corrections are

Tables VIl and IX directly allow to extract the relativistic also visible in the bond lengths and dissociation energies of
corrections to the spectroscopic constants of the three mokll 3d compounds considered here. While contributions of
ecules. As is well known, they are sizable even fopb@ad  0.02-0.06 Bohr tdR, and 0.2—-0.4 eV td, might not be
extremely important for the Gold compounds. In view of therelevant for all kinds of PP applications, they can neverthe-

V. CONCLUDING REMARKS

accuracy of the individual converged PP valuesRgr D, less not be neglected if one aims at a fully quantitative de-
and we, it is clear that also the relativistic corrections are scription of the system, as is usually the case in GGA calcu-
well reproduced by the PPs. lations. In fact, for all molecules in the present study the

We now turn to the transition metal compound@bles  relativistic PPs lead to a contractionRf, thus acting in the
X). For these molecules only two PP variants are given: thepposite direction as the nonlodaradien contributions to
standard PP, combining the minimum valence space witlhe xc-functional. The size of this contraction is not negli-
nlccs, and the optimum PP $3p3d4s valence space plus gible compared with the bond stretching by the gradient term
nlccs. We first concentrate on the latter in order to examing(0.02 vs 0.05 Bohr for 5@5)_ Moreover, for systems like
the role of relativity for these systems. For,Fene observes FeO in which the first excited state is energetically close to
a bond length reduction of 0.02 Bohr accompanied by a dethe ground state, the relativistic corrections can substantially
stabilization of the bond by 0.37 eV, when going from the modify the energy gap between the two states. For instance,
nonrelativistic to the relativistic PP. For Nithe bond length  for the lowest excitation energy of FeO, one finds 0.20 eV
contraction increases to 0.04 Bohr, while the correction towith the relativistic approach, compared to the nonrelativistic
D. amounts to 0.16 eV’ Corrections of similar size are value of 0.40 eV. It seems worth emphasizing that in its
found for FeO and CrO. While relativistic corrections of this j-averaged form, the relativistic TM scheme allows for the
size might be irrelevant for many studies of transition metalinclusion of relativity in molecular or bulk calculations at
compounds, they certainly cannot be neglected if one aims assentially no cost, on the level of both the LDA and the
a quantitative comparison with experiment. Moreover, as th&GA. Thus consistent use of the relativistic TM variant
example of FeO shows, relativity does not affect all molecuseems recommendable.
lar states in the same way. The relativistic corrections desta- As a prerequisite for the discussion of relativistic correc-
bilize the ground state by 0.20 eV and th® by 0.15 eV, tions, we have analyzed the convergence of PP results with
but do not change the binding energy of the first excitedthe size of the valence space. All our results suggest that for
state. As a consequence, th# state is only 0.20 eV below transition metal elements, the presence of the outermost node
the 53 in the relativistic case, and th is stabilized with  of the valences state, i.e., the orthogonality of this state with
respect to the’S (compare the nonrelativistic energy gaps the semicores state, is important for the molecular electronic
given in Table V. In other words, for critical systems like structure. In PP calculations, this node is suppressed as long
the transition metal oxides, relativistic corrections can be ofas the semicors state is taken into account via nlccs; only
the same order of magnitude as the energy gaps between the explicit dynamic treatment of this state preserves the
low-lying states. nodal structure. When going from the nicc to the dynamic

The importance of this observation becomes particularlyepresentation of the s3 the bond lengths reduce by
obvious when looking at the relativistic version of the stan-0.08—0.10 Bohr for the iron compounds, 0.14 Bohr for CrO,
dard PP for Fe. This PP erroneously predicts theto be  and 0.05 Bohr for Ni. Moreover, the nlcc representation
degenerate with thés, which questions its suitability for predicts the®A and 53 states of FeO to be degenerate, in
transition metal oxides. Only the combination of a dynamicobvious contradiction to the more advanced calculations and
treatment of the semicore states and nlccs allows reliable P® experiment. On the other hand, the converged PP, in
calculations for this type of system. which the semicore states are included in the valence space,

Compared with the experimental data, the most advancegives results in excellent agreement with the AE calculation.
PP yields bond lengths which are too short by 0(060) to  As the observed limitations of the nlcc concept do not origi-

125121-10



RELATIVISTIC EXTENSION OF THE TROULLIER. .. PHYSICAL REVIEW B 63 125121

nate from specific features of the TM scheme, we believe (A2’ A'a

them to apply also to other PP approaches. It thus seems that —2— . (A5)
in PP calculations for transition metal elements, and espe- (1-4)? 1-a

cially for iron, the semicore electrons should be treated dy-

namically.

Herea andv denote the AE orbital and potential et r |
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APPENDIX: CONTINUITY CONDITIONS FOR
RELATIVISTIC PSEUDO-ORBITALS

As can be seen on the basis of the relativistic KS equatio0 that one obtains the conditfon
(12), the continuity of the PO and its first four derivatives at
r, is ensured by

=—c5/(21+5). (A6)
a
D=ln(m), (A1)
r Given this relation,dv also vanishes for all states with
a’ 1+1 =|+1/2, while one finds a nonzero second derivative jfor
= =1-1/2,
= (A2)
o= 2m(1— A " 2H—l Ala 1
M(1=A)(v=e)=p P ih o) 80 =5"53{(21+3)2c+2(1 + 1+ K[ (21 +5)c4+ 3]

+[4(21 +4)c,[ (21 +5)c,+c2]

I+1
=2m(1-A)v’—2mA’(v - €)= 2p'p"+ 27 p’ +2(1+ 14 k)[ (6] +21)cg+8C,C4]Ir 2

I+1 =~ A'a (A2a A'a

-2 r P T1oA T (1-A)2 T1-A (A4) " However, the nonzero contribution '[033 at the origin is
proportional to 1¢%, so that its actual size is small. More-
p”=2m(1-A)v"—4mA’'v'—2mA"(v—€)—2p'p"” over, the unscreening procedutis}) also introduces a term

proportional tor? in v s, so that the size ofu()” atr =0 is

not the only criterion relevant for the convergence of the
Fourier expansion of the unscreened PP. We have thus used
the nonrelativistic requiremertA6) in this work.

o l+1 I+1 = I+1
~2(p") 243 p A P 2P

Ama QA,AHQ’ (A')?’a Ana/
1-A “(1-A)2 “(1-A) T1-A
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