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We suggest several ways of improving pseudopotential transferability within the approach based on all-
electron self-consistent pseudopotentials. Particularly, we show that the pseudopotentials constructed for two
energy channels and using the pseudized core charge included in exchange and correlation potential terms, can
provide an exact and stable solution for cases where the current pseudopotential methods encounter difficulties
and need special treatment. Examples such as semicore states participating in the chemical bond, extended
valence states, or a significant charge transfer in alkali chlorides are presented. The need for the semiempirical
choice of “suitable” atomic configuration in the pseudopotential generating process is eliminated and also the
higherl-pseudopotential components are generated in a natural way. Also some general aspects of pseudopo-
tential transferability are discussed in detail.
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I. INTRODUCTION Il. ALL-ELECTRON PSEUDOPOTENTIAL METHOD

- . . By standard conditions that pseudopotentials satisfy, by
The ab initio density-functional approach has proven to definition, i.e., the conditions for the values and derivatives

be a reliable and accurate tool for the electronic state calcudf relevant quantities at the cutoff radi®, the shape of

Ythe pseudopotential is not determined completely. In fact,

applying density-functional theoDFT) for practical calcu-

lations is, in principal, some model for the exchange anqootential insid.e the core region of an atom. By a particular
correlation potential, since the functional of the charge denPSeudopotential technique, redundant degrees of freedom can

sity describing the exchange and correlation effects is nop€ Used for optimizing the pseudopotential in various re-
known generally. Additional approximations, however, areSPeCts in order that the pseudopotential has suitable proper-
specific for various computational methods, consisting of di€s. In this section we describe a method that uses this free-
particular choice of a basis set and/or shape approximatiorffom in a particular way, that we describe in the next
to the potential in selected regions. paragraphs.

First-principles pseudopotential techniques, as reviewed Insome cases the spatial range of the core statates of
by Pickett and Payneet al,? provide an efficient linearized the fully occupied atomic shellssignificantly extends be-
tool for separating core and valence electron interactions, igond the core region of an atom in the usual sense. These
principle, mathematically accurate to the first order withinstates, denoted as semicore states, can be included in the
the chosen approximation to DFT. Several various pseudoralence basis by constructing “conservative” pseudopoten-
potential construction techniques, having been introducedals for these statefor example, 3 and 3 states of Mn
during the past decades, approach this ideal more or lesgref. 4 or of K] with no respect to the valence states. The
each of them having its own approximations, drawbacksresulting pseudopotentials then describe valence electrons
computational difficulties, and artificial “technical” param- jth undefined accuracy by means of excited pseudofunc-
eters impairing theigb initio character. tions, i.e. pseudofunctions with a node.

In this paper we discuss the flaws of standard pseudopo- the AEPP technique constructs pseudopotentials consis-

we deal with the concept of pseudopotential transferability,[icular case, the AEPP's for the valence states can be gener-

and we suggest several approaches to reducing thgted so that the corresponding pseudowave functions related
transferability-related errors within the all-electron pseudo—to the valence states hpave ng dZs The redundant dearees of
potential AEPP method® : 9

In the next two sections, we give a brief exposition Offreedom are then used for optimizing the pseudopotentials so

AEPP construction, stressing the differences of the standafdiat the lowest-energy nodeless eigenfunctions simulate the
approaches and significant points with respect to pseudop&eMmicore states. This “reverse” approach compared to the
tential transferability. The third section deals with the con-conservative pseudopotentials has several significant advan-
cept of pseudopotential transferability generally, analyzes thE29€s:

flaws of standard techniques in this respect, and then sum- (i) The AEPP is self-consistent with the valence electrons
marizes the merits of the AEPP method. The fourth sectiorn charge distribution and angular momentum character. Ad-
illustrates the advantages of the present technique with paghtionally, the energy window of the AEPP is optimized.
ticular materials, where standard pseudopotentials usually (i) Since the semicore states always correspond to a
meet difficulties and/or need special treatment. closed shell of an atom, their pseudofunctions can be renor-
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malized to get softer, smooth, and computationally moresponding atomiclike radial functions by their values and first
convenient pseudopotentials. derivatives, and(iii) the correct energy derivative of the
(ii ) The effects of the semicore states can be includgd pseudowave function is ensured by the norm-conserving
iterationg into simple pseudopotentials with nodeless pseudcondition.
ofunctions for valence electrons. This produces a soft |n order to avoid too hard pseudopotentials, we apply con-
pseudopotential, eliminates the frozen-core approximationgition (ijii ) to the valence state only. Since the semicore states
decreases the size of a plane—wgve b_asis set, and it_can BSn be easily distinguished from the valence dibgsenergy
usefulifor .band-structure calculations in a dekseesh in position, dispersion, localization, and angular momentum
the Brillouin zone. . character they can be simply renormalized. This represents
The AEPP is described in detail in Ref. 3. Here we presentnqiqeraple simplifications in the code compared to the ul-
the equations necessary for understanding the essential fet?ésoft pseudopotentials. The relaxed normalization of semi-

tures of t.h?.AEPP technique. ., core states creates additional freedom for constructing
The initial step of an all-electron-pseudopotential-

generating procedure provides an all-electron atomic caICLF—)SGUdOpmem"’JIIS that can be employed to satisfy other con-

lation where the valence states are treated seIf—consistentwt'onS‘ €.g., those concerning optimum smoothness.
with the calculation in a solid. The charge density corre-
sponding to valence radial atomic wave functidRs,(r)

matches the partial charge density in a solid by the logarith- Iil. THE CONCEPT OF PSEUDOPOTENTIAL
mic derivative at the cutoff radiuRc TRANSFERABILITY AND MERITS OF THE AEPP
TECHNIQUE
d d . : . .
—In[r3RY (0|2, =r.===In[r?p{PTr)] , () In this section, before we discuss the merits of the present
dr vl ¢ dr r=Rc approach, we reflect on the concept of pseudopotential trans-

ferability generally and analyze the flaws of standard tech-

where the partial charge density in a sofitf{r) is evalu- niques in this respect. At the end of this section we summa-

ated by summing over all occupied states, rize in which respect the AEPP technique can improve the
| accuracy of the pseudopotential method.
P 1) = f d0do’ o All standard . pseudopotentials are derived from all-
P % m=—1 47r2J)sPH w"'” electron calculations performed for a suitable reference state

R R R R of a free atom. For this reference stased for its construc-
X(rn)Ym(nYi(n") g o(rn’), (2 tion), the pseudopotential is exact. The capability of the
) . pseudopotential to reproduce the all-electron results correctly
where yy , denotes the crystal pseudowave function vkth nder different environmental conditions, e.g., when the
as the vector of the first Brillouin zone and a band index  gjectronic configuration changes from the free atom to the

The boundary condition of Eq1) replaces the standard atom in a particular solid, is denoted @seudopotential
condition for the wave functions to be normalizable and deyransferapility.

termines the eigepv_aluﬂ. The normalizgtion gondition for In fact, this term comprises two componeritautually
the valence atomiclike radial wave functions is dependent to some extent, as we will note in following para-
Re Re gra}ph$: (i) the precision of reprpducing the scattering prop-
f ||:gf§VaII ,|(f)|2f2df:f pSPYr)radr. () erties of the all-electron potenti@étepresented by the loga-
0 ' 0

rithmic derivative of the wave function at a given radias

. . . a function of wave-function energy in some neighborhood of
Using the results of the self-consistent atomiclike calcu-

. ; ~. . pseudopotential reference energy, aid the precision of
lation with the boundary conditions of the solid, we apply the ooy cing the all-electron atomic eigenvalues under chang-
phase-shift techniqdefor the construction of pseudopoten-

X ) : ; . ing external environmental conditions which reflect various
tials. By varying the screened pseudopotential, this techmqug/pes of chemical bonding, i.e., various neighboring atoms

minimizes a functional assembled from a set of conditions tQ, 4 various geometry. Within DFT, the external environmen-
be satisfied by the pseudopotential. The common conditioR,| ~ongitions can be unambiguously determined by the ex-
requiring the continuous augmentation of the pseudowavg, 4 charge density.

function at the cutoff radiuRc is transformed into a condi-  he norm-conserving condition for the pseudowave func-
tion for the generalized phase shift that depends on the eqg,, haying been introduced into the pseudopotential method
ergy monotonously, which ensures the numerical stability, 1y3manfi represented an important qualitative step in the

and gives the name lo the technique. _development of the method, regardless of being partially re-
Each componeny/™(r) of the screened pseudopotential piaced by other means within the concept of ultrasoft

is constructed in such a way that the following conditions forpseudopotentials at preséntAs proved by Topp and
Vi¥(r) and for each corresponding pair of pseudowave functjopfield® satisfying this condition ensures the correct first
tions (in the case of two energy windoyvare fulfilled. energy derivative of the logarithmic derivative of the pseudo-
(i) At r=Rc the potentiaV;(r) matches the all-electron wave function at a certain atomic radius—exactly for the
potentialV®(r) up to the second derivativéij) atr =R the  same radius for which the norm-conserving condition has
radial pseudowave functionR‘E’ilJ(r) match the corre- been satisfied. In this sense, the pseudopotential theory is
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linearized with respect to energy-level shifts. It has beerBy definition, the reference state of the atom used for
shown by Shirleyet al® that the higher-order errors of pseudopotential generation is chosen in the “center of mass”
pseudopotential scattering properties depend on “higher mosf the electronic bands in the solid, corresponding to the
menta” of the norm-conserving condition, obtained as a mul-atomic valence wave functions. By that, the optimum posi-
tiple integral of the radial charge density inside the sphere ofion for the pseudopotential energy windows is achieved. In
a given radius. addition, the frozen-core approximation is avoided, i.e., the
Taking into account the facts mentioned above, we carcore states are relaxed and recalculated consistently in the
see that the basic standdfulst-orde) norm-conserving con- solid, which represents an additional degree of optimization
dition ensures the correct response of the pseudowave funter the reference state.
tion to theintegral (over the given sphejeexternal charge The higher-order errors in the energy transferability can
density, not to varying the charge distribution inside thebe significantly reduced by using pseudofunctions with a
sphere. From another point of view—since the shift of thenode, as shown in Figs. 2 and 3 below. By optimizing the
wave function’s energy is equivalent to the safbet for the  reference energy for the semicore state, the energy window
opposite signshift of the potential as a whole—the correct extends. Satisfying the norm-conserving condition even for
first energy derivative of scattering properties, ensured by thghe semicore states results in a very transferable pseudopo-
first-order norm-conserving condition, is equivalent to theiential over a wide energy window but it sometimes causes a
correct pseudopotential behavido the first order with re- oqyction in the effective cutoff radius and leads to hard
spept to addipg an external Ch‘?‘rge Qensity caysing a const eudopotentials. A transferable and efficient pseudopoten-
(inside the given spheregotential shift. The difference be- tial can be obtained by including the semicore norm-

tween this “ideal” external charge densitye., that satisfy- conserving condition among less strictly weighed optimiza-

ing the condition of constant potential shift inside of the ion conditions balanced with “smoothness” conditions
spherg and real external charge density is a source of thé ) . . :
f The first-order transferability error in the exchange and

first-order error, introduced above as a transferability error o . . . :
correlation potential terms can be avoided, such as in the

type (ii). :
Another source of first-order errors arises in the secongtandard pseudopotential method, by the NLCC, where the

step of pseudopotential construction where the screening pé¢laxed self-consistent core charge density can be [tbed
tential terms (the Hartree and the nonlinear exchange-aPProach could be denoted as a self-consistent NISXIN-
correlation termp are subtracted to obtain the unscreened-CC)]. As a reasonable representation for the core charge
ionic pseudopotential, since the charge density used for urflensity we successfully tested the short expanstoree
screening can be quite different from that used for rescreerierms of Gaussian orbitals with optimized parameters,
ing in the solid-state calculation. However, this error can bewhich implies suitable pseudization of the core charge and
simply avoided to some extent by thenlinear core correc- ensures a sufficiently accurate description in the region rel-
tion (NLCC) which adds—and subtracts later—the approxi-evant with respect to the chemical bonds.
mated core charge in order to increase transferability of the In fact, however, it should be noted that for the all-
nonlinear exchange and correlation terms. The NLCC waslectron pseudopotential optimized and used for a given
first introduced into pseudopotential calculation by Louiestructure, the NLCOor SCNLCQ has no meaning since
etal,’® and its importance for density-functional-basedexactly the same charge density is used for unscreening and
pseudopotential calculation was investigated recently byescreening the pseudopotential. The need for the NLCC/
Porezaget al* By means of the NLCC, the first-order error SCNLCC arises only on condition that the same
is eliminated on the condition that the used core charge derpseudopotential—without additional relaxation—is used for
sity reflects the actual core charge density precisely. In pracsarying atomic positionsiand, consequently, for varying
tice, the core charge density is pseudized in order to avoidharge distribution e.g., for molecular-dynamics calcula-
long plane-wave expansion or, in many cases, it is even reions, which is more demanding with respect to the pseudo-
placed by some suitable simple analytic function of barely gpotential transferability.
similar shape. Even if the NLCC is not used, the AEPP method gives
So far, in reducing the pseudopotential method errors, efgood results for structure parameters as a consequence of the
fort has been made, particularly, to improve the first-orderoptimum choice of reference state for pseudopotential con-
pseudopotential transferability, which led to development ofstruction. By that, the transferability becomes much less im-
various pseudopotential-constructing techniques and intrgportant for most applications than in the case of standard,
ducing the NLCC. Minor attention has been paid to reducingree-atom-based pseudopotentials. This fact can be used—in
the higher-order errors. The determination of the referencéhose cases when no significant changes of atomic positions
state of atoms, used for pseudopotential construction—thatre supposed—for constructing less transferable, extremely
should be chosen as close as possible to the environmesoft pseudopotentials.
where the pseudopotential will be used in order to reduce all It should be noted that the AEPP is intended to be gener-
kinds of errors—relies on an intuitive choice within the stan-ated specifically for a particular external environment, i.e.,
dard pseudopotential-construction techniques, contrary to thi®@r a particular structure and types of neighboring atoms.
technique presented here. Therefore, the transferability of AEPP from one solid to an-
Let us examine the reduction of error by the AEPP ap-other has not been discussed explicitly so far nor does the
proach from the viewpoint of the preceding considerationsnext section contain test calculations of this kind. In the rest

125113-3



JIRI VACKA R AND ANTONIN SIMUNEK PHYSICAL REVIEW B 67, 125113 (2003

of this section we append several notes concerning this ques- TABLE |. Comparison of theory and experiment for the zero-
tion. presure lattice parameteag andc, (a.u) of graphite in the Bernal

In Ref. 3, we examined the extent to which a particularstructure. Full potential linearized augmented plane wave is denoted
AEPP is correct for various configurations of an isolated@s FLAPW and the linear combination of Gaussian orbitals as
(free) atom in vacuum, which we use as an example of &-CGO-
significantly different environment. We suppose, according

to our experience, that a vacuum is more of a different envi=°U"ce Reference g, (a.u.) ¢ (au)

ronment compared to a solid than is the common differenc@gedopotential 25 4.667 13.323
between two solids containing a particular type of atom. AC'Pseudopotential 15 4.632 12.661
cordingly, using AEPP for the calculation of free pseudoa-pseudopotentiaII 26 4.611 12.622
toms having different atomic configurations, with asymptoti- - p\y 27 4.647 12.903

cally vams.hmg pseut_jofunctlonécor!trary to any valence LCGO o8 4.626 12.819
wave function in a solid or moleculgis a very stringent test .
S o ! . This work 4.628 12.784
of this kind of transferability. The eigenvalues and eigenvec- .
. . Experiment(0 K) 29 4.652 12.780
tors are compared with the all-electron calculations of a free293 30 4.651 12678
atom with the same configuration. This way, the standar(ﬁ K ) )

transferability of atomic-based pseudopotentials from an

atom(using anad hoc*suitable atomic configuration’to &  analysis shows that first-principles calculations for graphitic
solid is reversed. This test was performed even for a pair ofiryctures can be carried out quite successfully, but they are
AEPP's of a particular element derived from different struc-sensitive to the details of calculation. Particularly, DFT-
tures(e.g., Ti in TiC and Tig, Siin CoS} and Si crystals |ocal-density approximatiofLDA) calculations are sensitive
etc) with very satisfactory results. . to the choice of pseudopotential, the basis set, and the num-
In fact, this kind of pseudopotential transferabiliye.,  per of basis functions used in the wave-function expansion.
from one structure to anotherin principle, does not differ | a rich list of references, the authors of Ref. 13 document
from the transferability of typeii) mentioned abovéi.e.,  failures and spurious results of various calculations, notably
with respect to varying the external charge densiflbove  for the calculations of the interplanar binding energy.
we have described the features of the AEPP that allow sub- \ye studied hexagon&BAB. - - stacked graphitéBernal
stantial improvement also in this kind of transferability, par- structure having severaltwo to foun layers in a unit cell.
ticularly by means of the pseudofunction with a node, com+ye minimized the total energy with respecta@ndc lattice
pared to standard pseudopotentials. _ parameters, obtaining values 08=2.449 A and c
Summing up, in the case of the AEPP derived for one_g 765 A. Cutting out one layer we created a gap of double
solid and transferred to another solid, the advantage of aferjayer distance. To be sure that this distance is sufficient
optimum reference state of the AEPP is partially lost, but, hrevent any interaction we tested using an even wider gap.

still—since the common difference between solids is much The self-consistent charge and potential were determined
smaller than the difference between a solid and vacuum angsjng poth six and twelve speciapoints in the irreducible

since the AEPP can be constructed with higher transferabilityjjiouin  zone (I1BZ). As in the work of Schabel and
of type (i) than standard pseudopotentials—significantlypjartins® good convergence of the calculated properties
higher precision is achieved than with standard pseudopotenyith respect to the number &fpoints was found. The energy
tial techniques in common cases. If such aim is taken intQ¢off for the plane-wave expansion was tested E,
account in the pseudopotential-generating process, for 40 48 and 56 Ry: the 48 Ry yielded stable and convergent

molecular-dynamics  calculationsexcellent transferability regyits. Our results are compared with the other calculations
can be reached compared to standard similarly “s@fif i, Taple I.

“hard” ) one-energy-channel pseudopotentials derived from Tpq interplanar binding energy, which is the difference

the ground-state configuration of a free atom. between the bulk and monolayer total energy, was calculated
in a following way: At first we calculated the total energy of
IV. EXAMPLES OF APPLICATIONS the graphiteE, represented by four atongsvo layers in a

In this section we show the application and results of thé‘nexagonal unit cell. Then we removed one layer from this

presented approach for some examples of materials whetit cell and repeated the calculation; the same program,

conventional pseudopotential techniques meet serious diffPseudopotential, basis, etc. were used in both cases. In order

culties. In all subsequent calculations the exchangeto be sure that the interaction of monolayers in the supercell

correlation functional used was that of Ceperley and Afder did not affect the results in a significant way, we performed

as parametrized by Perdew and Zuride€alculations were the same calculations for the superc_ell structures Wlth larger
made using the AEPP in a plane-wave basis c lattice parameter. The resulting interplanar energies for
' various supercells lie in an intervdét;=(0.02—-0.03 eV)

which is in very good agreement with the best all-electron
calculations up to date. The wide range of calculdidn

The extensive discussion of the important factors for theTable Il values is indicative of the extreme sensitivity of the
representation of cohesion between graphitic structures wgsredicted interplanar binding energy to computational details
presented quite recently by Girifalco and Hod3KTheir  and theoretical assumptions. Some caution with regard to the

A. Structural properties of graphite
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TABLE II. Interplanar binding energiek; (in eV/at) in various TABLE llIl. Calculated lattice constants, (A), bulk moduliB,
graphite structures. (GPa, and derivative®’ of bulk zinc-blende GaN. All the results
are based on LDA, and all the pseudopotential calculations use the
System Reference —E;(eV/at.) plane-wave basis set. Pseudopotential is denoted asaBfPis a
computer code, and full potential linear muffin-tin orbital is
The AB two layer 31 0.03 FPLMTO.
32 0.15
The ABAB. .. crystal 27 0.10-0.06 Method Reference ag Bo B’
33 0.06
15 0.024 PP, 3 frozen in core 35 4.47 1.79 3.93
This work 0.03-0.02 36 480 240
Experiment 34 0.03-0.02 37 442 173
17 4.33 2.38
38 4.30 2.51 2.76
close agreement with experiment may be advisable, howevefNLCC 17 4.44 1.93
in view of the(i) well-known strong temperature dependencePP, 3 valence 39 4460  1.87
of graphite lattice dynamics anid) sensitivity of the experi- 40 4524  2.06 3.7
mental value to the presence of stacking faults, defects, and 41 4519 2.00 4.15
impurities. 16 4518 191 4.14
17 4.48 2.18
B. Gallium “3 d problem” in GaN -Ultrasoft CASTEP 42 4.46 1.99

SIC PP, 3l valence 19 4.56

Gallium 3d electrons are a nice example of semicore
EPLMTO 43 4.46 2.01 3.9

states. Since the great potential for technological application

was discovered, GaN has been addressed by a number of 44 4.466  1.98
theoretical investigations. The performance of various™-APW 45 4488 206 46
pseudopotentials treating the Gal 3tates with different This work 4504 2.03 44
techniques is given, e.g., in Refs. 16 and 17. First, the galExperiment 46 450  1.90

lium 3d electrons were included in the core of the Ga atom:
The frozen core with 8 electrons then depends on the con-
struction of the pseudopotential. Secondly, the effect of gal-
lium 3d orbitals was taken into account directly by assuming Quite another problem for the standard pseudopotential
that the 3l electrons were part of the valence states. In bothtechnique arises in the transition meféM) element—carbon
cases, the NLCGQusing the charge density of all the statesor the TM—nitrogen bonds. At this point we do not mean the
considered to be core statesin be applied. It is evident that “standard” difficulty with 3d or 4d states of TM elements:
in the first case (8 in a core the NLCC is more important. The hidden problem is related to the last nodes of valence
Recently, the problem of the construction of accuratewave functions of TM elements.
pseudopotentials in the case of Géihd also AIN and In In our recent work’ we studied ground-state properties of
was analyzed in Ref. 18. TM carbides and nitrides. Very good agreement was ob-
Another alternative to include the semicord 8lectrons served between our calculations and other results obtained
is to use self-interaction-correct¢dIC) and self-interaction- by a standard pseudopotential technigtibut both pseudo-
and relaxation-corrected pseudopotenttal§he all-electron  potential techniques yield noticeably smaller bulk moduli
calculations can serve as a test of approximations employethan the all-electron full potential linearized augmented
We applied the AEPP technique in the simplest way, i.e.plane-wave[FLAPW) techniqué?®?3 The reason for the dis-
with the relaxed core containing the relaxed Ga 3d electronsagreement has been fouiisee Ref. 2Din the insufficient
In this way we needed no more than three iteration loops fodescription of valence electrons by nodeless pseudofunc-
the self-consistency of the AEPP. A kinetic-energy cutofftions. Constructing valence and p pseudofunctions of TM
E..:=60 Ry was satisfactory, and ten spedigloints in the  elements with a node, we obtained bulk moduli very close to
IBZ were used. Our results in comparison with the results othe FLAPW results, as shown in Table IV.
other techniques are given in Table Ill. We see that including The reason the nodeless pseudofunctions do not accu-
the 3 electrons into the frozen core results in quite disperseately describe valence wave functions follows from the fact
values of lattice constants and bulk moduli of GaN. Evi-that the most distant nodes of the valescand p functions
dently, the results depend on the construction of the coref TM elements are too apart with respect to the very short
region of a Ga pseudopotential via “technical parameters’interatomic distances in TM carbides and nitrides. The node-
(cutoff radii, atomic configuration On the other hand, the less pseudofunction, contrary to the pseudofunction having a
results when treating the states as valence states are muchnode corresponding to the most distant node of the true va-
more stable, of course at the expense of harder pseudopotdence function, cannot describe the crystal charge density in
tials and higheE,,, at about 80 Ry® The all-electron results the bond region correctlgsee Fig. 1. As a consequence, in
are very similar to each other and in very good agreement, ahis region the pseudocharge density is “smoother” and the
expected, with the AEPP values. bulk modulus is smaller.

C. Transition-metal carbides and nitrides

125113-5



JIR VACKA R AND ANTONIN SIMUNEK PHYSICAL REVIEW B 67, 125113 (2003

TABLE 1V. Calculated lattice constants and bulk moduli of a series of TM carbides and nitrides. AEPP-I1 and AEPP-II denote the
all-electron pseudopotentials with pseudowave functions without node and with one node, respectively. Abbreviations CA and HL in
parentheses following the names of the methods denote using the exchange and correlation potentials of Refs. 11 and 47, respectively.

Method PRCA) AEPP-(CA) FLAPW(HL) AEPP-I|(CA)
aexp g /aexp BO o /aexp BO =N /aexp BO Qdp /aexp BO
(a.u) (%) (GPag (%) (GPag (%) (GPag (%) (GPag
ZrC 4.683 98.7 233 98.8 253
TiCc 4.319 101.2 267 98.0 277 99.9 286° 98.6 303
NbC 4.469 99.3 305 99.3 332
VC 4.182 100.9 32 98.0 326 98.9 U 98.0 356
ZrN 4.610 98.6 251 98% 294 98.2 290
TiN 4.235 98.6,102.¢% 319,304 98.2 310 101.%98.7 326°,322 99.0 331
NbN 4.392 99.0 321 99%3 353 99.6 361
VN 4.128 101.5 338 98.3 338 99.9,98.4 37¢,376" 98.6 383

#Troullier and Martins pseudopotential, Ref. 21.
bUltrasoft pseudopotentials, Ref. 48.

‘FLAPW, Ref. 23.

IFLAPW, Ref. 22.

A side effect of using the pseudowave function with asiderably from the free atom; according to Porezagl.*
node is the existence of another, deeper, electronic state, capplying the NLCC is an absolute necessity for alkali atoms.
responding to the nodeless pseudowave function. By optiTherefore we consider chlorides to be a particularly difficult
mizing the pseudopotential, this state can be tuned so as tase for pseudopotential metho@sith regard to the trans-
correspond to a real semicore state, or it can be kept unogerability) that is suitable for demonstrating AEPP properties
cupied. From a technical point of view the state correspondeyen without the NLCC.
ing to the nodeless pseudofunctions can be easily distin- The AEPP method makes possible several different ways
guished in the band structure and does not cause @ treat semicore states of alkali atoms. For better under-
computational problem. The only condition to be satisfied iSstanding we display the possibilities in the case of the Na
a consistent unscreening and rescreening of the potential ifyom graphically.

both the pseudopotential-generating process and in using the | Fig. 2, the pseudowave functions for both the valence

pseudopotential in a solid. and the semicore states and corresponding pseudopotentials
of Na in NaCl are shown for several cases: in the case of
D. Alkali chlorides norm-conserving pseudopotentials for both energy windows

In this subsection we describe using the AEPP techniqu%:]cIrSt row), for non-norm-conserving relaxed pseudopoten-

for NaCl and other chlorides and show the variability of this lals for the semicore statésecond row; and for unoccupied

technique. There are several reasons why we have chosen g nicore statesthird row). The difference between the

series of alkali chlorides(i) There is significant disagree- sfmooth sémi-norm-conserving ps_eudopotenthl and the
ment between results of ground properties of Nd@itice fully horm-conserving pseud_opotentlal approachlng_the all-
constant and bulk modulusobtained by various first- electron potential at an effectively reduced cutoff radasa

principles techniques(ii) In view of the relatively easily resg(l)trocfotrfrl]e :ﬁsrgnr;cevnese:\gggnioar;gg?& %\gg(-eenrg.er -window
polarizable valence shell of first-column elemefttis Na, K, P ’ P 9y

: ) : : pseudopotentials generated by the all-electron pseudopoten-
and R, their core-valence overlap in chlorides departs ©OM%ial scheme from the charge density obtained by the previous

two-energy-window calculatioffourth row). These pseudo-

061 A\ 0 1 2 3 potentials give correct resulteven without any NLCCand
= /,/ 1 A : /' e they are very soft, but, since their transferability is extremely
Q:E \/ : Iy narrow, the only way to obtain them is via other more trans-
DAV bt ferable pseudopotentials.
06l Sy In Fig. 3 the energy transferability in terms of logarithmic
derivatives is shown. For comparison, the curves correspond-
a9l 14 (b) ing to the example of a free-atom-based pseudopotential are

given, too. The displayed pseudopotentials have very differ-

FIG. 1. Radialp-wave functions of Zr in ZrC: all-electrons ~ €nt properties in several respects, e.g., their behavior in Fou-
function (solid line), single node pseudofunctiofdashed ling rier space significantly differs: Figure 4 demonstrates the
nodeless pseudofunctioridotted ling (a), and corresponding plane-wave convergence for various types of pseudopoten-
pseudopotentialé). Atomic units are used for both axes. tials.
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FIG. 2. Radial wave functions and corresponding unscreened
pseudopotentials generated by the AEPP scheme for Na in NaCl in
four cases: norm-conserving semicore stafiest row), non-norm- 5
conserving semicore statésecond roy, non-norm-conserving un- . .
occupied semicore statéhird row), and no semicore staté®urth -0.8 -04 0.0 04
row). In the first and second columns énd p pseudowave func- E (a.u.)

tions, respectively the solid and dashed lines correspond to the

valence and semicore pseudowave functions. The dotted curve ap- FIG- 3. Logarithmic derivatives fos andp radial valence wave
proaching the solid or dashed curve represents the correspondifignctions of Nain NaCl for four types of AEPP’s, in the same order
all-electron wave function for each case. The wave functions hav@S in Fig. 2(solid lineg. The curves have been shifted byN
been multiplied by and normalized so that thégquared form the (0,1,2,3 according to the order of pseudopotentials. The reference
correct crystal charge density. In the third column, the solid, dashec@nergies are marked by circles jfotentialg and squaresy( poten-
densely dotted, and sparsely dotted lines corresporsdod, and tials). The dotted lines correspond to the all-electron potential pro-

f unscreened pseudopotentials, respectively. Notice the vertical er‘(id_ed by the AEPP procedur_e. The lowest curveashed lineg
ergy scalefatomic unitg in the third column. shifted by—4, show the logarithmic derivatives related to the neu-

tral free atom in the configurations3%3p®3d°* (the configuration
used in Ref. 1§) compared to the all-electron AEPP curvdstted

All four pseudopotentials presented above yield the saménes). The filled circle and square mark the atomic eigenvalues that
results for the case of NaCl. Table V summarizes the calcuare usually used as reference energies in generating standard
lated primary structure parameters for all the alkali chloridegPseudopotentials.
under study.

Finally, we notice the valence charge distribution in theseponent of the pseudopotential should not be neglected since
compounds and its consequences for the construction of tlibe f electrons form about 8% of the total charge inside the
AEPP. Table VI shows the valence radial partial chargesphere centered on Nan the case of Na in NaClwhere the
around atoms in crystals of NaCl and KClI for various sphergpseudopotential is angular dependésee Fig. 2 On the
radii. It should be noted at this point that we do not deal withother hand, for Cl in KCI, thel pseudopotential and higher
the question of whether thg d, andf electrons related to the components have no meaning since there is almost no charge
Na (or K) atomic sites really “belong” to these atontisre-  corresponding to these projections.
spective of any physical meaning of these wgrdsif the
charges listed in the table are just caused by the mathemati- V. SUMMARY
cal effect of the projection operator upon the crystal wave '
functions. In any case, the pseudopotential should act on In this paper we discuss various aspects of pseudopoten-
these components of the crystal charge density correctlyjal transferability and introduce ways of improving accuracy
simulating the effect of the all-electron potential under theand transferability in several respects, demonstrated on a se-
given conditions. Consequently, considering the constructionies of compounds. The approaches to improving accuracy
of nonlocal pseudopotentials for Na and K, even floem-  are considered fofi) extending the transferability range in
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L L TABLE VI. Partial I-projected charge@ntegrated radial charge
; fgﬁgggs ‘ densitie for atoms in NaCl and KCI, for several radii approaching
| 0 AEPP/UOS : | the “valence” radius, i.e., the radius of the sphere containing the
~—~| O AEPP/-S p same amount of valence charge as a free neutral atom. The radius
-fg ¢ is in atomic units. In the second column, the total charge in the
; | ultrasoft b i sphere of radiusr is given. |-projected partial charges for
H =0,1,2,3 are in remaining columns.
3 ) '-.
St o ; . r  Total s p d f
—1-“3 L ' Na 2.4 0.24126 0.07711 0.10702 0.04479 0.00924
E L i 4 (NaCl) 2.6 0.35635 0.10886 0.14885 0.07364 0.01835
g SiJ:!,‘ j 2.8 0.52652 0.14908 0.21024 0.11763 0.03490
fé i : 3.0 0.77382 0.19892 0.29599 0.18336 0.06376
‘:_ \ D‘.x . B 3.2 1.12865 0.25966 0.41130 0.27917 0.11229
Lﬁg : D..D_ "-_ Cl 2.2 5.67324 1.68249 3.98588 0.00391 0.00024
B Q.. e 'D"'D:‘-:_D---D--D--ﬂ B (NaCl) 2.4 6.16841 1.77876 4.38281 0.00564 0.00047
000&00(;"‘27‘2;00 . 2.6 657016 1.84778 4.71274 0.00810 0.00075
QOO0 2.8 6.89411 1.89669 4.98373 0.01145 0.001 28
e — 3.0 7.15563 1.93147 520441 0.01604 0.00230
¢ 10 20E 80 40 &) 60 K 28 051359 0.04646 0.36705 0.08487 0.01521
cut (RY) (KCl) 3.0 0.60417 0.06507 0.39878 0.10879 0.03153

FIG. 4. Plane-wave cutoff convergence for four types of 3.2 0.73364 0.08953 0.43930 0.14956 0.05525

AEPP’s, in the same order as in Fig. @ with norm-conserving 3.4 091878 0.12096 0.49458 0.20581 0.09743
semicore stateNC9), (i) relaxed semicore stat¢RS), (iii ) unoc- 3.6 118267 0.16058 0.56921 0.28342 0.16946
cupied semicore statg®JOS), and (iv) with no semicore states/ Cl 2.4 584757 150221 4.34099 0.00382 0.00003
nodeless valence pseudowave functif®. For comparison, the (KCl) 2.6 6.23788 1.56607 4.66915 0.00299 0.00033
convergence with an ultrasofRef. 7) pseudopotential calculated 2.8 6.55068 1.61313 4.93198 0.00554 0.00055
with the casTEP computer code is depicteef. 50. 3.0 6.80047 1.64804 5.14797 0.00106 0.00340

3.2 7.00111 1.67451 5.31937 0.00293 0.00430

various aspectgtransferability with respect to scattering

properties, ex'F_ernaI cha_rge density, unscreening/rescre_enir&%rrelaﬁon potential term errors in other pseudopotential
proces e_md (i) an optimum. ch0|pe of psegdopotentl_ql- technigues. Even in the case of unoccupied semicore states
constructing reference state, implying an optimum pOSItIOnand no NLCC we get correct results for structural parameters
of the transferability range. . . ! . N
We demonstrate the adaptability and accuracy of the aII9f ctt'llorldfes, \t,)\{PtICh confirms thel essential role of positioning
electron pseudopotential technique where the transferabilitgﬁe k:ans erabiiity rfange propl)gr Y- | d by th |
range is located optimally with respect to the charge distri-_t Tf tehaccurr?cy of DFT ;St'u g(”c‘:at]?y gt_OVeflne y ﬁ/t e qﬁa_
bution in the solid. In addition, we illustrate using the noded!t Of the exchange-correlatidiXC) functional and how we

pseudowave function for extending the transferability. Withit @PProximates the nonlocal nature of XC interactions. A
that, a more accurate charge distribution is obtained and)réat deal of understanding has been gained from the LDA
consequently, all kinds of transferability are improved. Wweand intensive research for more sophisticated XC functionals
show that in some cases the noded pseudowave function i Under waysee, e.g., Ref. 24 and references thereiow-
plicates even an softer pseudopotential reducing the nece€Yer: the accuracy of the XC approximation can be verified
sary basis set size. In this case, the charge of the semicof&!Y Py computational techniques fulfilling the precision be-
states can replace the approximated core charge of the no}ﬁgnd the differences in XC functionals themselves. The pur-

linear core correctiofNLCC) used to reduce the exchange- POSe Of this paper is to demonstrétethat in some cases the
precision of the standard computational techniques is not sat-

isfactory from this point of view, andi) how this high pre-

TABLE V. Lattice constant$A) and bulk moduli(GPa calcu- - .
cision can be achieved.

lated with the AEPP’s.

g Aexp Bo BOexp
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