12 SCIENTIFIC  HIGHLIGHT OF THE MONTH

FOREW ORD

The following paper from about 1994 is being published in Psi-k Newsletter becausePhysical
Review hastwice refusedto do so, for reasonsthat are frankly unacceptable,in spite of meeting
all the objections of the rst round of refereeing.

Anyway it is not unsuitable for Psi-k Newsletter becausesomepeoplestill usenorm-conserving
pseudoptentials for a wide range of applications, and anyway the idea of the Q. tuning is now
also being used elsewhere.Also these pseudopotentials are very good, the extra 'tuning' degree
of freedomallowing oneto match the logarithmic derivative as closelyas possible,and to soften
the energy cut-o for the plane waves, or to t to some other empirical quantity suc as a
lattice constart. They are considerably softer than somepseudoptentials that are widely used,
without lossof accuracy

The paper is also being put on the e-Print archive sener (http://arxiv.org/), and the code is
freely available (seewebsite http://b oson4.plys.tku.edu.tw/qc/).

Kinetic energy tuning for optimising
pseudop otentials and pro jector reduction

M.-H. Leé*®, J.-S.Lin®¢, M.C. Payne®?, V. Heine*d, V. Milman®¢, S. Crampin®®

aCavendishLaloratory, University of Cambridge,Madingley Road, CB3 OHE, UK

bPresentaddress: Department of Physics, TamkangUniveristy, Tamsui, Taipei 251,
Taiwan

‘Presentaddress: Department of Chemistry, TamkangUniversity, Tamsui, Taipei 251,
Taiwan

dpresentaddress: Molecular Simulation Inc., 240/250 The Quorum, Barnwell Road
Cambridge,CB5 8RE, UK

®Presentaddress: Schml of Physics, University of Bath, Bath BA2 7AY, UK

Abstract

We have developed an improved schemefor generating optimised norm-conservingpseu-
dopotentials which is more systematic and more exible, with a better insight. The cortrol
parameter Q. connectedwith the kinetic energy of the pseudowavefunction (r) is usedin
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a new way to tune the pseudoptential. The scheme usesonly three constraints and three
spherical Besselfunctions in the expansionof (r) inside the pseudisingradius r., com-
pared with four commonly used, which tends to give a somewhat softer pseudomtentials.

The delit y of the pseudoptential as seenin the logarithmic derivative can be improved in

a simple and systematic way by tuning Q¢ while minimising the energy cuto E, heces-
sary in solid state application. The schemeopensthe way to tailor-making pseudomtentials

for speci c requiremerts useful for large scaleab initio calculations, including reducing the

number of non-local projectors for speedingup the calculations.

1 Intro duction

The present paper concernsa further improvemert of earlier schemesfor generating norm-
conservingpseudomtentials [1, 2, 3]. Soft and accurate pseudopotentials are essetial for state-
of-the-art large scaleab initio simulations for solids using plane-wave basis sets. This is in the
context of periodic superlattice calculations basedon Density Functional Theory with Local
Density Approximation (LD A) for exchangeand correlation with possibly a GeneralisedGradi-
ent Approximation (GGA). Here,a"soft" pseudoptential meansthat a low energycut-o, E ¢y,
can be usedin the planewave expansionof the wavefunction, and the "accuracy" of a pseudopo-
tential can be measuredby the agreememn between the logarithmic derivatives of pseudoand
true wavefunctionsin a certain energyrange, which is an equivalert characterisation of the scat-
tering property of a pseudomtential in terms of the phaseshifts of di erent incoming waves. We
are here concernedwith norm-conservingpseudoptentials, asdistinct from the super-soft pseu-
dopotentials of Vanderbilt [4] which are not norm-conserving. Although the latter are widely
used, we believe there is still a role for norm-conserving pseudoptentials becauseof certain
computational e ciences, e.g. optical properties and stress are easierto implement. In any
caseit appearsthat the idea of Qtuning can also be applied with advantage to the super-soft
pseudoptential [5]. Even with the accuracy and e ciency acdieved by a Car-Parrinello type
of algorithm [6, 7], the computational cost still requiresas soft a pseudopotential as possibleto
make the largest calculations a ordable.

While the advantage of the softnessin a pseudopotential can not be over-emphasisedwhat is
equally important is to have a exible scheme to generate quickly and systematically a new
pseudopotential appropriate to a new physical situation, suc as short inter-atomic distancesin
somecompoundsor at ultra high pressures.Another examplewould be somestructural energy
di erence whereerrors cancel,sothat one can compromiseon corvergenceproperties. A further
situation might be one where the energy range over which the logarithmic derivative of the
pseudowavefunction has to be accurate is unusually narrow or wide. Whereas one standard
transferable pseudopotential for a given chemical element may be satisfactory for many purp oses,
this will not be sofor somecalculations. On the cortrary, the exibilit y of balancingthe accuracy
(logarithmic derivative) and the e ciency (Eyt) of a pseudopotential in its construction will be
useful, becausehen computing e ort will not be wastedin achieving unnecessaryprecision. This
utilit y can not be replaced by simply using an insu cien t E.,; in excdhangefor a lessaccurate
result becausehe quality of computed physical quartities falls very rapidly whendecreasinge ¢yt
belov somepoint which is essetially determined by the way the pseudopotential is generated. A
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exible sthemeis thereforeto be welcomedif it allows oneto regulate the degreeof approximation

in dierent parts of a pseudoptential, such as the logarithmic derivative, E¢y; and a large
pseudisingradius ("cut-0" radius) r.to maximise the pseudomtential performancein a given
problem without compromisingthe science.A great computational e ciency hasbeenacdieved
in a few caseqeg. reference8]) by what we call ‘projector reduction’. A normal pseudoyotential

consistof a local potential operating on all angular momertum (I; m) componerts of the pseudo
wavefunction, plus a few non-local potentials operating on speci c | componerts only. For a
non-transition elemen sud as carbon, the latter would normally be for | = 0 and 1, requiring

1+ 3 = 4 specic projectors in the computations to pick out these componerts from the total

pseudowavefunction. Howewver using the exibilit y of Q¢ tuning, we have beenable to generate
pseudoptentials for someelemens where the | = 1 componert is su cien tly nearly the same
asthat for | = 2 sothat it can be taken as the local potential part, thus requiring only one
projector for | = 0. This is particularly advantagous with the real-spaceimplemertation of
Kleinman-Bylander form [9] for the non-local part of the pseudomtential [10]. The large dynamic
simulation of methanol disscciation in a zeolite [8] could not have beencarried out at that time

without sud projector reduction for carbon and oxygen. In the caseof Cu and transition

elemerts, we can achieve a pseudoptential with projectors for | = 2 only.

In order to generate a new pseudomtential e cien tly, it is a great help to understand how
changesin the input parameters a ect the pseudoptential that results. Sudch understanding
also helpsoneto avoid an unrealistic choice of parameters. We presen in this chapter a robust
way of constructing norm-conserving pseudoptentials which addressesthose essetial points
mertioned above, namely acceptableaccuracy softness, exibilit y and understanding, through
further improvemerts to the well established"Optimised Pseudoptentials" approad. [1, 2, 3].
We regard our method as an alternative to the very popular schemesproposed by Troullier
and Martins [11], by Vanderbilt [4], and by Blodl [12]. These schemesall aim to improve the
softnessand/or the accuracy of pseudoptentials.

Before we describe the technical details of our current scheme, it is necessaryto outline previous
optimisation methods. The "Optimised Pseudopotentials" proposedby Rappe, Rabe, Kaxiras
and Joannopoulos (RRKJ) [1, 2] are recognisedas very soft norm-conserving pseudoptentials.
Their scheme s very suitable for transition metals and rst-ro w elemers which we are inter-
estedin and which usually needhigher E; than other elemeris due to their very localised 3d
(or 4d) or 2p valenceelectrons. Based on the RRKJ idea, a modi ed strategy of generating
optimised pseudomtentials was suggestedby Lin, Qteish, Payne and Heine (LQPH) [3] in order
to simplify the numerical procedure. Although using di erent options and procedures,the basic
formulations in LQPH and the current work are the same as those in the original RRKJ. In
all these sthemesthe pseudowavefunction (r) of angular momertum | is generated rst, and
then the pseudopotential V,(r) is derived from it by inverting the Schredinger equation [13]. The
1(r) is expressedn terms of somespecially chosenspherical Besselfunctions as follows :

X G

(r) = (r) forr r¢ (1:2)
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in which the j (g r) are spherical Besselfunctions with (i 1) zerosfor r < r¢, and jXgr) their
rst derivative with respectto r. The (r) is the proper all-electron atomic wavefunction and
|°(r) its rst derivative. Sincewe start with |(rc) when generating a new pseudopotential, all
the g are xed oncethe ris chosen. The portion of the kinetic energyof the pseudowavefunction
dueto the g> Q. part of its Fourier componerts is denotedby Ey (in atomic-Rydberg unit) :

Zl
Ex( 1 2035 niQo) = dPqdfj 1(9) (1:24)
Qe
Z, Z Q.
= . d*r (1) r? (r) . d®q ofj 1(0)j? (1:2b)

in which the (q) is the Fourier transform of the (r). The certral idea for optimising a
pseudoptential wasthat for a given Qc, the coe cients ; of |(r) in (1.1) can be obtained by
minimising Ey in (1.2) with Lagrange multipliers constraining the normalisation and the con-
tinuity of the rst and secondderivativesof the pseudowavefunction at r.. Thusa smooth and
norm-conserving pseudowavefunction |(r) could be determined. Incidentally, the continuity
of the pseudowavefunction (r) at rcis not imposedexplicitly becausethe optimisation pro-
cedureresults in this condition being ful lled automatically. This can be understood from the
de nition of the j (gr) in (1.1). We know that when the constrained minimisation is successful,
onehas Yrc) = re) : therefore

X X
=" o= 1 ifen= frg 4iS= 09 @)

i=1 i=1

which gives the required continuity of (r) from the continuity of Xrc) due to the special
choice of expansion functions in (1.1). Although the mathematical scheme is essetially the
same,there are somedi erences in the way the procedureis usedby the previous authors and in
the presert work. In the RRKJ method, typically 10 or more spherical Besselfunction terms in
(1.1) wereused,with Q. being varied iterativ ely such that the Ey is minimised to a pre-chosen
tolerance,say 1 mRyd. It appearsthat using Q. in that way hasthe advantage of cortrolling the
quality of the total energycornvergencewith respectto the energycut-o usedin the calculations.
In the LQPH method, the number of spherical Besselfunction terms was xed to be four so
that there are four ; coe cients for the ((r) to be determined, making the number of free
parametersequalto the number of constraints, namely norm-consenation, cortinuity of the rst

and secondderivativesof |(r) at r., and minimisation of Eg. E cien t numerical routines
exist for such a problem, and the reasonably small number (four) of terms in |(r) helps to
stabilise the numerical procedure. In addition to using just four spherical Besselfunction terms
in (r), the LQPH method always sets Q. equal to the largest q, , i.e. gz , which avoided the
variation of Q¢ and therefore made the numerical procedure signi cantly simpler than that of
RRKJ.

We recognisethe successof the above mentioned schemes, but the consequence®f some of
their detailed assumptions, such as the value of Q., the number of terms and the choice of
constraints, werenot fully clearto us. In particular, the role of Q. in optimising pseudoptentials
attracted our attention. From the de nition in (1.2), Q. canberegardedasa kinetic energy lter
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cortrolling the constrained minimisation of the kinetic energyof | in the rangeq> Q.. If the
minimisation is e ectiv e, the resulting k-spacepseudowavefunction () will berestricted asfar
aspossibleto the range0 < g< Q¢, which will subsequetly determine the analogousbehaviour
of the pseudomtential V,ps(q) in k-spacein solid state applications. A unique correspondence
is therefore likely to exist between Q. and the pseudoptertial in k—spacevlps(q; Q¢), which of
coursealso appliesto Q. and les(r;Qc) in r-spacedue to the duality of r and k spaces. Most
importantly, the scattering property of suc a pseudomtential should alsodependon Q.in some
simple manner becauseit is all in the characteristics of V,ps(q; Qc). In the current scheme we
thereforevary Q. to corntrol the phaseshift, i.e. logarithmic derivative, aswill be demonstratedin
Section2. We shall call this " Q¢ tuning”" and it will bethe crux of the presert work. Additionally ,
from the argumert above we expect the Q.to correspond roughly to E¢y:. The Qctherefore
controls both the scattering property and the energy corvergenceof the pseudopotential in our
new optimisation scheme.

On investigating the choice of constraints, we realisedthat it is not necessaryto imposestrictly
the cortinuity of ¢r) at rbecauseminimisation of Ey already more or lessconstrains the
higher derivatives of |(r) by reducing its high g amplitude. Moreover, dropping unnecessary
constraints meansthat a lessrestricted and more e cien t minimisation canbe performed. Thus
not only can a softer pseudomtertial be obtained but also the resulting pseudopotential will
be more sensitive to the choice of Q. , which enhanceghe cortrollabilit y of the pseudotential
by Q.. We have, in fact, tried applying the Q.tuning within the four-term/four-constraint
framework, and found that both logarithmic derivative and the shape of the pseudomtential do
not vary systematically with respectto Q., which is presumably due to the extra (unnecessary)
constraint which somehav restricts the e ect of Q. tuning.

Howewer with the use of three terms and three constraints, we found that the logarithmic
derivative and pseudomtential varied smoothly with Q. sothat onecanuseQctuning e cien tly.
This is the main reasonfor preferring the three-term/three-constraint framework. Incidentally,
keepingthe number of terms and unknown coe cien ts in (1.1) equalto the number of constraints
is very helpful in maintaining a stable numerical procedure,asfound by LQPH. We can alsosee
why the pseudoptential becomessomewhatsofter. To a rst approximation, E¢t = Q2% Ryd.
if Qcis in atomic units aswill be assumedhereafter, and Q. is approximately the maximum ¢.
Thus omitting the term j(gsr) reducesEyt, becausg (qgsr) hasthe maximum number of nodes
and hencethe highest Fourier componerts of the j(gr).

Incidentally, the small discortinuity in VP5(r) at r., corresponding to the discortinuity in the
secondderivative of the pseudowave-function, doesnot destroy the energy corvergence.At the
g relevant to E¢y, the VPS(q) is determined by the generalshape of VPS(r), by the discortin uity
in VPS(r) at ro given by the discortinuity in secondderivative of the pseudowave-function, and
by the wigglesin VP3(r) at r just lessthan r.which are seenclearly in Fig. 1 (c) for example.
For a good Ey, these neednot individually be zerobut it is su cien t that they more or less
cancelgiving a small total VP5(q) over arangeof g. In addition the discortinuity may give some
very small Fourier componerts extending to very high g, which can a ect the absolute energy
corvergenceof a calculation but which cancelin the calculation of any physical quartit y.

To summarise: using a three-term expansionin (1.1) and three constraints gives a stable nu-
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Figure 1: Oxygen 2p pseudomtential with r;=1.8 a.u. showing its variation with Q.. Left-hand-
sidepanels,Vz; (r) : right-hand-side panels,logarithmic derivativesof the true potential (dashed
line) and pseudoptential (solid line). (a) QC:f%O_' 0:98 (b) Qc=z = 1:15(c) Q=5 = 1:20.



merical procedureallowing a good exibilit y in the pseudowavefunction. It combines well with
tuning Qcto optimise the accuracy of the pseudomtential, which is the main purpose of the
preseri work. The excibilit y can also be usedto control the shape of the pseudomtential for
di erent | and henceto reducethe number of projectors required in solid state applications. The
limitation to three terms in (1.1) automatically givesa somewhatsofter pseudopotential than
previously. The e ect of Qctuning and relevant technical points are discussedin Section?2. In
Section 3 somesolid state tests of the pseudomtentials will be presened, which is followed by
a discussionand conclusionas Section 4.

2 The Q. Tuning Metho d

To generatea pseudoptential in the current scheme,asin all abinitio pseudopotential generat-
ing procedures,an all-electron LDA or GGA atomic calculation is rst performedto obtain all
the atomic orbitals of a selectedcon guration : in the presert work we just usethe LDA. The
procedure described in Section 1 is then implemented with three terms in (1.1) and the three
constraints already discussedwhile Q. remains as an adjustable input parameter. In Fig. 1 we
demonstrate the e ect of varying Qcin the current scheme on the oxygen 2p pseudopotential.
Three di erent Q. wereusedto generatethe corresponding pseudoptentials, and the logarithmic
derivative was tested on these pseudoptentials. We can seethat for a given atomic con gura-
tion and pseudisingradius, there is a certain value of Q. which yields the best agreemem with
the logarithmic derivative, in this casethat showvn in Fig. 1(b). We note that the logarithmic
derivative curve of the pseudowavefunction for a larger and a smaller Q. deviate from the curve
with the best possibleQ¢in opposite directions, as shown in Fig. 1(a) and Fig. 1(c). In Fig. 1
we also seethat the shape of the pseudoptential changeswith Qc, which can be regarded as
the reasonwhy the scattering properties of the resulting pseudoptertials are dierent. The
monotonic correspondencebetweenthe variation of (a) the Q¢, (b) the shape of the pseudop-
tential and (c) the logarithmic derivative of the pseudopotential is the most important feature
in the current scheme. This feature enablesus to establish a systematic procedure for updat-
ing Qctowards the best results judged by the following criterion. As mentioned in Section 1,
Q¢ controls the softnessof a pseudomtential as well asits accuracy becauseit a ects both the
Ecut and the logarithmic derivative of the wavefunction. If transferability is a higher priority
in a particular application, then Q. should be tuned to obtain the best match betweenthe log-
arithmic derivatives of the pseudoand true wavefunctions. Depending on the application, one
may require a good match over a wide range of energyfor broad bandsor only a narrower range
in the caseof narrow bands. If a satisfactory match can be obtained for a range of Q., then the
smallest Q. should be usedto achieve the lowest E ;.

By removing the constraint on the secondderivative of the wavefunction at r., we allow our
pseudoptential to have a discortin uity there becausethe kinetic energy which is proportional
to %r), is discortinuous acrossr¢, and hencesois the potential. Although a large discorti-
nuity in a pseudoptential can damageits scattering property, in the current schemethe best
possible Q¢ is chosento give the best t of the logarithmic derivative, which thus guarartees
that the discortinuity is harmless. This is also consistert with our obsenation that wheneer
the logarithmic derivative agreemeh is satisfactory, the discortinuity is always small. This can
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alsobe understood from the fact that in the current schemethe high g componerts of the pseudo
wavefunction are reducedas much as possible,both becausethey are expandedusing the least
possiblenumber of spherical Besselfunctions and also becauseof the minimising procedureim-
posedon Eg in (1.2). The corvergenceof a practical calculation is not a ected if a suitable
E.ut is chosen,as already discussedin the previous section. Incidentally, it is generally the case
that the Q.yielding the best t to the logarithmic derivative of the true potential neednot be
the Qcthat minimises the discortinuity of the pseudoptential, even though thesetwo Q. are
usually close. We regard the quality of scattering being optimised by the Q.as being more
signi cant than the existenceof the discortinuity.

The harmlessnessof a small discortinuity is further conrmed by our experiencethat good
agreemen is obtained betweenthe results of super-cell calculations using both k-spaceand r-
spaceversionsof the samepseudopotential expressedn Kleinman-Bylander form [9]. To convert
the k-spacepseudomtertial to onein r-spacewe usethe method of King-Smith et al. [10]. It
will modify the original pseudomtertial in a way that dependson E ¢ in minimising the aliasing
error of the Fast Fourier Transform in planewave supercell calculations. The discortinuity at
rcin the original pseudopotential is smoothed out by the transformation. The fact that both the
original and the transformed pseudomtentials gave almost identical results for the relaxation
and energy of structures shows that the high g feature at ris irrelevant to the super-cell results
when a reasonableE . is used.

3 Generation and Test of Some Pseudop otentials

Although the logarithmic derivative test givesusefulindication about the quality of a pseudop-
tential, there is no precisecriterion of how good the agreemem should be for a particular physical
application. Also the test is evaluated at a givenr outside the pseudisingradius r ¢, which does
not give us the information whether the ris small enoughfor the frozen core approximation to
be valid for the given application. A solid state calculation is therefore always necessaryfor a
serioustest of a pseudotential.

To test the pseudopotential generatedby our current scheme, we have chosensomebulk proper-
ties of Cu metal becaussit is a popular casetested by other authors [1, 11]. We follow the RRKJ
paper in using a slightly ionised Cu con guration 3d%94s%754p%25 from which to generatethe
pseudoptential. After generating the pseudomtertial for ead | as described in Section 2, it
was converted to Kleinman-Bylander form with the s-potential chosenas the local potential.
Two Cu pseudopotentials were prepared (Fig. 2), onewith smaller d-core and the other a larger
d-core, with r¢(s;p;d) = (2:0;2:0;2:0) a.u. and r¢(s;p;d) = (2:0;2:.0; 2;4) a.u. respectively. The
Q. for thesetwo potentials are Q¢(s;p;d) = (3:17;4:66,6:47) and Qc(s; p;d) = (3:17;4:66;5:17).
In most cases,we found it useful to chooseqs as the initial guessfor Q.from which to start
the tuning, so that it is corvenient to expressthe nal Q:in terms of the ratio Q.=¢. For
the Cu pseudoptentials in this section, this becomesQ=x(s;p;d) = (0:8;1:0;1:175) and
Qc=a(s; p;d) = (0:8; 1.0; 1:2).

The Cu pseudoptential with the smaller d-pseudacore (ro= 2.0 a.u.) allows our results to be
compareddirectly with those of other popular schemesin the literature [1, 11], while we shall
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Figure 2: The s;p;d pseudomtentials for Cu. (a) Small r.=2.0 a.u. for | = 0;1;2. (b) r,=2.0
a.u. for I = 0;1 but largerr.=2.4 a.u. for | = 2. (s: dashedline, p: dot-dashedline, d: solid
line)

usethe onewith a big d-pseudaoreto demonstratethe exibilit y of using Q. -tuning to generate
a pseudomtertial with a larger r.. Although a pseudomtential with larger r¢is always softer,
it may not be accurate enough. In our current scheme we can tune the value of Q. sothat we
obtain a good logarithmic derivative even for such a larger¢.

For calculating the bulk properties of Cu metal, an8 8 8 Monkhorst-Padk k-point grid [14]
was usedfor a simple-cubicunit cell corntaining four atoms. With suc a coarsegrid of k-points,
a gaussiansmearing of the occupation function at the Fermi level of 1eV was needed,and the
energy was corrected appropriately [15). In the caseof the small d-core pseudopotential, the
convergencetest was done and the suddendrop of the total energyin a super-cell calculation
was found to occur at 650 eV where absolute corvergenceto about 0.1 eV per atom is reathed
(Fig. 3). To justify the results obtained at E.,; = 650 eV, a similar calculation was also
performed at 1000 eV where the total energy corvergedto within 0.01 eV per atom, and the
results for the bulk properties, asshown in Table 1, werefound to be essetially the same. This
is consistert with our experiencethat the E, that givesthe calculated total energy converged
to around 0.1 eV per atom is usually high enoughfor reliable solid state bulk properties. In the
caseof the pseudoptential with a large d-core, the corvergencetest was also done (Fig. 3) and
we choseE: = 500eV to run the simple bulk property tests which are showvn asthe third line
in Table 1. Note that the valid comparisonis with an exact all-electron calculation becausewe
are testing the pseudising,not the accuracyof LDA, and we give the LAPW [16] results without
knowing how closely it approximates to that. As one can seefrom the table, the overall result
is satisfactory in comparisonwith experiment [17] and other computational methods.

We have already outlined in the Introduction the idea of "projector reduction", i.e. using
Qctuning to make the pseudomtentials for two angular momerta i and j su cien tly nearly
the samethat a common potential can be used for both. The latter then becomesthe local
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Figure 3. Convergenceof total energy per atom of copper metal with respect to the cut-o
energyfor two pseudoptentials with r.=2.5 a.u. (solid line) and r.=2.0 a.u. (dashedline).

componert V (r) of the atomic pseudoptential, leaving only one set of projection operators
for the third angular momertum componert. The elemers B, C, N, O in the rst row of
the periodic table have only 1s orbitals in the atomic core and henceboth the p (I = 1) and d
(I = 2) pseudomtentials Vs(r), Vp(r) cortain no corecancellationin the senseof the cancellation
theorem of pseudomtential theory [18], and one may therefore expect them to be similar. With
Qctuning it has beenfound that they can be made extremely similar, as showvn in Fig. 4 for
carbon using the parameters given in Table 2. The V_(r) is then taken as V,(r) becausethe
| = 2 componerts in the wave functions are presumedto be very small. This gave a logarithmic
derivative for | = 2 practically identical to that from the V4 pseudoptertial and very closeto
the all-electron one by the standards of pseudopotentials. Similarly, very good pseudoptentials
with only an | = 0 projector were also generatedfor C, N and O with the parametersof Table
2. Extensive tests were carried out on the C and O pseudopotentials for the work of Ref.[8] and
on the N pseudoptential with methylamine [19].

Similarly with Qctuning a pseudomtertial was generated for Al with only the | = 0 part
non-local, as given in Table 2. It has beenwell tested in solid state calculations and gives a
satisfactory value for the Cy4 elastic constart (correct to 10%) which is notoriously sensitive to
the pseudomtential (Ref [19]p.IV-18). For Br with the parametersin Table 2 the local potential

V()= Vp(r)+ (@ )Va(r) (3:1)

with = 0:7 gave good logarithmic derivativesfor | = 1 and 2, again leaving only a projector
for | = 0. This also avoided some problems in generating the Kleinman-Bylander form of the
pseudoptential [9] for calculations, which was in fact the reasonfor generatingit.
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Table 1: The solid state bulk test of Cu pseudomtertials, comparing the results of the presen
calculations (rst three rows) with those from another pseudoptential [11] and from an all-
electron calculation (LAPW), and with experimert : for lattice constart a, bulk modulus B and
BOthe pressurederivative of bulk modulus tted from the equation of state.

Type Ect(eV) a(A) B(GPa) B
re(d) = 2:0 a.u. 1000  3.60 166 5.0
re(d) = 2:0 a.u. 650 3.59 163 5.4
re(d) = 224 a.u. 500 3.66 145 4.8

r(d) = 23au® 982 360 160 5.1

LAPW b 3.61 162
Experiment °© 3.61 142 5.28
a Ref[11]
b Ref [16]
¢ Ref [17]

In the transition elemerts the Vy pseudoptential is very di erent from the Vs and V,, ones,and
it was found for Fe, Co and Cu the latter two could be well represerted by the local potential

V()= Vs(n)+ @ V() (3:2)

which leaves only a set of projectors for Vy4(r). The parameters are given in Table 2, the
pseudopotential for Co having beentested by solid state calculations for the work on CoSi2in
Ref [20]. In Cu the g3 for | = 0 was set equalto ¢ sothat (1.1) e ectively only contains two
terms instead of three.

In Al and Ge, it was possiblewith Q. tuning to make the pseudomtentials for | = 0, 1 and 2 all
quite similar, which would give a local potential if taken as equal. Such a potential is probably

Table 2: Parameters for pseudopotentials with projector reduction. The secondcolumn gives
the label of the pseudomtertial in Ref [19] where more details and tests may alsobe found. The
third column givesthe atomic wavefunction used for generating the s and p pseudoptentials,
and the secondline in the samecolumn for V4(r). The valuesof Qcfor | = 0;1;2 are given in

the form of Q.=s(s; p;d). The last two columnsgive , in Egs. (3.1), (3.2).

Elemen t (Lab el) Con guration Vs, Vp Vy (if dieren t) re(s; p; d) Qc=q3(s; p; d)

B BOO1a 252100 pp1:00 251:00 340:20 all 1.4 0.80, 0.80, 1.00 1.0

¢ co21 252:00 552:00 250175 gp1:00340:25 g 14 0.80, 1.05, 1.0325 1.0

N NO10 252:00 551:00 250175 2p2:00340:25 g 14 0.80, 1.05, 1.035 1.0

o 0051 252:00 554:00 25100 o175 390:25 g 14 0.40, 1.11, 1.0325 1.0 -
Al Al013a 352:00 31:00 no d is used all 2.4 1.10, 1.10 - 0.8
Br Brooo 452:00 455:00 4s1:00 4p3:75440:25 g 14 1.00, 1.00, 0.90 0.7 -
Fe Fe002 30400 451:00 450:25 all 2.4 0.48, 0.87, 1.18 - 0.3
Co Co013 v2  3d7:00 451:00 450:25 2.0, 20, 24 070, 0.965, 1.18 - 0.2
Cu Cu006g 3d9:00 450:75 450:25 2.0, 20, 25  0.80, 0.95, 1.20 - 05
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FIG.4
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Figure 4: V=1 (r) (solid line) and V=, (r) (dashedline) for carbon with the parametersof Table
2.

not good enough for modern work, but explains perhaps why empirical local potentials were
found to give rather good results through the 1960'sand 1970'sand even more recertly for Al,
Ge and As [21, 22].

4 Discussion and Conclusion

In Section2 we describedhow Q. may bevaried to obtain the best t to the logarithmic derivative
of the original potential, and we turn now to look at how the variation of Q. manifests itself
in the resultant pseudopotential as is required for projector reduction. Fig. 1 shows that the
main e ect of varying the Kinetic Energy Filter parameter Q.is to change the depth of the
pseudopotential in r-space. One can interpret qualitativ ely the e ect of the optimisation on
the shape of a pseudopotential from an r-spaceview point, which is useful when using Q.to
regulate the shape of the pseudomtential. If Qcis setto be relatively small, this pushes (r)
in the direction of having lower Fourier componerts, which meanshaving lower kinetic energy
inside rc. Sincethe energy eigernvalue is xed and is equal to the kinetic energy plus potential
energy the low kinetic energy implies a rather shallov (weak) pseudoptential. On the other
hand using a higher Q. resultsin a deeper pseudopotential asshown in Fig. 1(c). If Qcis reduced
ewven further, the pseudoptential becomeseven shallowver (weaker) and a barrier will be raised
near rcas a result of the norm-conservingconstraint sothat the pseudoptential presenesthe
correct amourt of charge within the pseudo-coreregion. Such a barrier may look strange but
experienceshows it doesnot aect Ecy or the accuracy of the pseudopotential in solid state
tests provided the logarithmic derivative ts well.

The e ect of Q¢ -tuning on the shape of a pseudoptential alsodependson other factors. In the
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FIG 5(a) FIG 5(b)
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Figure 5: Logarithmic derivative of carbon before (a) and after (b) projector reduction.

caseof nodelessorbitals such as 2p and 3d, the pseudoptertials are highly attractiv e because
there is no "Cancellation E ect" from inner shellsin the senseof corverntional pseudoptential

theory [18]. Optimising these pseudoptentials therefore meansshifting the electrons outward

from the certres of the atoms. On the other hand, in the caseof (soft) pseudomtertials that

do have a cancellation e ect from inner shells, using a smaller Q. meansspreading the charge
distribution inwards towards the certres of the atoms, which sernesto lower the magnitude of

the originally repulsive (or weakly attractiv e) pseudopotentials at r = 0, but has less e ect

on their shape nearr.. Such a trend can be usedto systematically regulate the shape of a
pseudopotential by tuning Q..

Figure 4 illustrates the useof Q.tuning to adive projector reduction. It shovs| = 1 and | = 2
pseudopotentials V1(r) and V,(r) for C which have beentuned using Q. to resenble ead other as
closeby as possiblewhile retaining a good t to the all-electron logarithmic derivative (Fig. 5).
Testsshowed that the resenblance was su cien tly good to use Vi(r) also for Vo(r) and for all
higher I, i.e. to take it asthe local componert of the pseudopotential. Thus only one projector
for | = 0 wasrequired. The experiencewith generating pseudopotentials with reduced number
of projectors for the elemerts listed in Table 2 suggeststhat this idea can probably be extended
to a signi cant number of other elemerts.

The current scheme has beenusedto generatea signi cant number of pseudoptertials for a
wide range of applications. A complete periodic table of pseudopotentials is available commeri-
cally from Molecular Simulation Inc. for usewith the CASTEP code for solid state applications,
though not all have beenthoroughly tested. Nearly 300 papers have beenpublished in the aca-
demic literature with calculations using pseudomtentials generatedby the presen method. We
referencesomeof the early onesbecausethey tend to contain more details of the pseudomten-
tials, namely thosefor Co [18]; Ge [2]]; C, O and Pd [22]; Cu and CI [23]. The pseudoptertials
for C and O weretuned especially for projector reduction in the large dynamic calculation on a
zeolite [8] as already mentioned. More details on 38 elemertis may be found in Ref [19].
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The code for generating pseudopotentials by the present method will be available at the website
http://www.ph ys.tku.edu.tw/qc/

In summary, therefore, we have introduced an improved schemefor generating Optimised Pseu-
dopotentials. The Q¢ parameter is usedin a new way, and is tuned to give as accurate a
pseudoptential as possible, meaning a good match to the all-electron logarithmic derivative
of the wave function over a suitably wide range of energy The continuity constraint of ,O?r)
at rcis dropped and the number of terms in the expansion (1.1) is also reducedto three, to
remain equal to the number of constraints in order to give a numerically stable algorithm. The
reduction to three terms automatically tends to make the pseudoptential softer becausethe
cut-o E¢yt in solid state applications is largely cortroled by the highest gi appearing in (1.1).
Dropping the constraint on cortinuity of the ¢r) meansthe pseudomtential has a discorti-
nuity at r¢, but in practice the Qcis tuned in our schemeto match the logarithmic derivative
which always makes the discortinuity small, so that it doesnot adversely a ect the accuracy
or the softnessof the pseudoptential. In somesensethe dropping of one constraint allows the
pseudowavefunction (and hencepseudogtential) greater freedomfor optimisation with regard
to accuracy and corvergenceproperties.

A most important point is that the generatedpseudoptential and the corresponding logarith-
mic derivative vary with the chosen Q. parameter in a systematic way. One therefore has a
well controlled situation for generating and improving a pseudomtertial for any given physical
application, depending on the required balancebetweenE ., the accuracy of the pseudopten-
tial and the width of the energyrange over which it hasto be accurate. This is important for
many calculations. Moreover we have shovn how one can physically understand the connection
between Q. and the shape of the pseudomtertial, which helps one to operate the scheme sys-
tematically and e cien tly. The schemerepresers a further signi cant step toward generating
systematically good norm-conserving pseudoptentials for a wide variety of physical systems.
We have also demonstrated how to use Q.tuning method to reduce the number of non-local
projectors of pseudoptentials for quite a few elemens. These projector reduced pseudopten-
tials allow oneto save signi cant computing time while remain asaccurate asnormal unreduced
ones.
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