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Mixed ultrasoft/norm-conserved pseudopotential scheme

K. Stokbro
Scuola Internazionale Superiore di Studi Avanzati, via Beirut 4, 1-34014 Trieste, Italy
and Mikroelektronik Centret, Danmarks Tekniske Universitet, Bygning,32Ee2800 Lyngby, Denmark
(Received 12 October 1995

A variant of the Vanderbilt ultrasoft pseudopotential scheme, where the norm conservation is released for
only one or a few angular channels, is presented. Within this scheme some difficulties of the truly ultrasoft
pseudopotentials are overcome without sacrificing the pseudopotential sofineShost states are easily
avoided without including semicore shellg.) The ultrasoft pseudo-charge-augmentation functions can be
made softer(iii) The number of nonlocal operators is reduced. The scheme will be most useful for transition
metals, and the feasibility and accuracy of the scheme is demonstrated fat thendition-metal rhodium.

With the development of the Vanderbilt ultrasoft- region. Given a set of occupied pseudo-wave-functions
pseudopotentia(US) techniqué it has become possible to {®,}, the augmentation charge is given by
describe traditionally hard pseudopotential elements like
transition metals and first row elements with a modest plane- aug -\ —
wave cutoff. However, for some elements it is difficult to P a;m (D el xn) Quin( )Xl ). @
avoid the appearance of so-called ghost states without in-
cluding semicore states in the pseudopotential construgtion. Qum(M) =5 (1) (1) = dr (1) (1), @
Furthermore, sometimes it is necessary to describe the US
pseudoaugmentation charge with a higher cutoff than thévhere ¢, are the reference all-electron atomic wave func-
pseudocharge of the wave-function sum, and therefore sdlons, ¢, are the corresponding reference atomic pseudo-
called double-grid techniques have been develdgoth of ~ wave-functions, andy,, are projectors upon the reference
these aspects significantly reduce the computational effiatomic pseudo-wave-functions.
ciency of the US scheme, and it is desirable to find a simple With this choice for the augmentation charge the total
scheme to avoid these difficulties. pseudodensity not only has the same norm as the all-electron
In this report | will present a variant of the US technique, density, as in the case of NC pseudopotentials, but is identi-
where only the normconservatigNC) is released for some cal to the all-electron density in the case where the set of
of the angular channels. The benefit from this construction i§eference states inside each core forms a complete basis for
that the semilocal potential of one of the chemical activethe all-electron wave functions and the pseudo-wave func-
channels may be taken as the local potential. This reducd®ns, i.e.,¥ ,=2ag ¢, and® =2 bl ¢, . To see this, ob-
the number of projectors in the US scheme and by choosingerve that since the pseudo- and all-electron wave functions
the semilocal potential of the least bound reference state a@nd their radial derivatives coincide at the core radius they
the local potential, the appearance of ghost states is effeghust have the same expansion in the reference states, thus
tively avoided. Furthermore, since with this constructiona=b?, which implies thats ,| ¥ ,|?=3 ,|® ,|?+ p?“C
there are less pseudocharge-augmentation functions, | have Therefore, in the US scheme not only is the electrostatic
found the pseudocharge smoothening procedure of Ref. 3 tmonopole of the core region correct, but also higher-order
be more efficient. In the following | will briefly review the poles are described rather accurately. Another feature of the
main features of the US scheme, and present the modificaJS scheme is the possibility of including several reference
tions in a mixed US/NC scheme. Finally, | will build a states for each angular channel.
US/NC pseudopotential for Rh and compare the transferabil- In the NC scheme it is common practice to take one of the
ity and computational efficiency with that of a NC pseudo-semilocal potentials as the local potential and thereby reduce
potential and an US pseudopotential with semicore shells. the number of semilocal channels that have to be described.
In the US scheme the pseudo-wave-functions do not obelfurthermore, by choosing the semilocal potential of the least
a NC condition and it is this feature that makes it possible tdoound reference state one can effectively avoid the appear-
construct pseudopotentials with a modest plane-wave cutofince of ghost staté3in a Kleinmann-Bylandé&rimplemen-
(=30 Ry) for traditionally hard pseudopotential elements. Totation. A similar choice for the local potential in the ultrasoft
make the pseudopotential retain the first-order scatteringcheme would produce a very poor pseudopotential, since
properties of the all-electron potential, as is the case of thdue to the missing norm of the corresponding pseudo-wave-
NC pseudopotentials, the pseudo-wave-functions have tfunction the local potential would only have the zero-order
obey a generalized eigenvalue equation, where the missirggattering properties of the all-electron potential. Instead the
norm enters in the overlap matrix. Furthermore, the densitgommon practice is to construct a semilocal potential for the
cannot simply be constructed from the pseudo-wavefirst angular channel that is not chemical active and use that
functions, an augmentation charge has to be added in ordéosr the local potential; for instance, for the transition metals
to retain the correct electrostatic potential in the interstitialthe semilocal potential of thé channel is usually used for
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o 10 p ) ] cluded; i.e., for most transition metals only tlig;4 and
= b by Qsq elements will contribute to the augmentation charge.
F o5} 8 In the following | will construct a scalar-relativistic mixed
o US/NC pseudopotential for theddtransition metal Rh, show
0.0 that the error introduced by the choice for the augmentation
charge is minute, and compare the transferability and com-
—05 , . , ‘ putational efficiency with a NC pseudopotential and a US
0.0 2.0 4.0 6.0 8.0 pseudopotential with semicore states.

wave number (a.u.) To construct the NC pseudopotent[aenoted NC9)] |
used the procedure suggested by Troullier and Maftimish

FIG. 1. (a) The real-space all-electron wave functions of Rh andcore radii 2.53, 2'.53’ and 1.3@.u) for t.he s, p, andd
i channels, respectively. As suggested in Ref. 9, only the
the pseudo-wave-functions of the K8 and US/NG9) pseudopo- ilocal dd potential tructed in the atomi
tentials.(b) The Fourier-transformed pseudo-wave-functions. semilocals an po en !a S Wer? con; ructed in . € atomic
ground-state configurationdd5s!, while the semilocalp

. . . potential was constructed in thel45s% 525 configuration.
the local potential. However, for most transition metals th'SFigure 1 shows the pseudo-wave-functions and their Fourier
will produce a local potentlal with bound states far below the,[r nsforms. From the latter it can be seen thatsrand p
s-and p-reference eigenstates, and 'the appearance of.gh ve functions are converged at20— 25 Ry, while thed
states is therefore unavc_JldaBIAsolutl_on to this problem IS vave function must be described with a cutoff 50— 60
to mcludg s- ar_1d p-semicore shells in the pseudopotentlal From this pseudopotential the mixed US/NC pseudopo-
construction; since these new reference eigenstates usua[lQ ﬁtial [denoted US/N(®)] was constructed by releasing the
are beloyv the bound states of _the local potenual the gho orm of thed wave function, increasing its core radius to 1.6
states will disappear. The inclusion of semicore shells has thg u, and then using the snlnoothening procedure of Refs. 10
benefit that the accuracy of the 'pseudopoten.nal bgcomeg‘nd’ 7 to generatd ultrasoft pseudo-wave-functions for twb
comparable to all-electron calculatioh&pwever, it also in- reference states, where one has the atomic eigenvalue
creases the computer time and memory requirements of t > 0.4518 Ry ana the other the energ.2 Ry). With this
calgzla:r?nalstlét:;;?il;llgallly. ropose a mixed US/NC SChemeconstruction thed pseudo-wave-function can be described

Propos ith a cutoff of ~25—30 Ry, as seen from its Fourier trans-

where the normconservation is only released for the hard' ", . 1b) (dotted ling. Finally, | have con-
channels, and the semilocal potential of one of the soft chan-tructed an US pgéudopotential inéluding};nd 4 semi-
nels may thereby be taken as the I_ocal potenhal. For mOSEore shell§denoted UEL7)], using two reference states for
transition metals the normconservation will only have to beeach channel. and a core r:adius of 2.0. 2.0. and 1.6 fos.the
released for thel channel, and the semilocal potential of the andd chan’nel respectively. The l(JS7) éeudo 6tent}al
p channel can therefore be taken as the local potentiaPs’ also conver eéi &?55_30 é P P
thereby avoiding the appearance of ghost states. The pseudo— 9 Y-

g . ) ' To generate pseudo-charge-augmentation functions | have
;2arge augmentation functiogm of Eq. (2) | now define used the procedure described in Refs. 3 and 7, where the

augmentation functions are replaced bydependent coun-
terpartsQt .,

Qum(1) = &5 (N&m(r) = 7 (1) dim(r), )

whereé&= i for the US channels ang= ¢ for the NC chan-
nels, and only contributions from nonlocal channels are in-

Qnm(r>=§ Y Lm(F)Qhm(r), (4)
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TABLE |. Comparison of the three rhodium pseudopotentials(1JB5is the ultrasoft pseudopotential
including semicore shells, N@) is the normconserved pseudopotential, and USENGs the mixed
normconserved/ultrasoft scheme. In all the calculations, including the atomic calculati@stbé pseudo-
potentials are used in a nonlocal separable f@denThe calculated atomic-eigenvalues in different reference
configurations and their deviation from the all-electron valbsThe lattice constanta(,), bulk modulus
(B), derivative of the bulk modulusB(), and cohesive energy of rhodiu(&.,). (c) The surface energy
(Esurd, work function W), and interlayer relaxationA(;,,A,3) of the RH110) surface. The U&7)*
pseudopotential neglects pseudo-charge-augmentation functions that couple different angular channels, i.e.,

Qsp: de: Qsa=0.

(a) Atomic properties of Rh

4d A(4d) 5s A(5s) 5p A(5p)
Pseudopotential ~ Configuration (Ry) (mRy) (Ry) (mRy) (Ry) (mRy)
us(17) 4d%55%5p° -0.28267 0.0 -0.26864 0.0 -0.03501 0.0
US/NQ9) 4d%55%5p° -0.28155 1.2 -0.27227 -3.6 -0.03798  -3.0
NC(9) 4d%55%5p° -0.27479 7.9 -0.27022 -1.6 -0.03883  -3.8
us(17) 4d75s5p° -1.24280 0.1 -0.91783 0.0 -0.53999 0.1
US/NC(9) 4d"5s'5p°  -1.24384 -0.9 -0.91472 3.1 -0.53760 2.5
NC(9) 4d75s'5p°  -1.25787 -15.0 -0.91985 -2.0 -0.53800 2.1
(b) Bulk properties of Rh

Cutoff ag B B’ Econ
Pseudopotential (Ry) A (Mbar) (Ry/atom
Expt. 3.8¢ 2.76 0.42
All Electron 3.74 3.48 7.2 0.569
us(17) 30 3.75 3.44 7.8 0.636
US/NQ9) 30 3.81 3.16 5.6 0.609
NC(9) 60 3.86 2.98 55 0.594

(c) Surface properties of Rh10

Cutoff CPU time Eurt w Adq, Adyg
Pseudopotential (Ry) () (eV/atom (eV) (%) (%)
Expt. 4,98 -6.9°¢ 1.¥
us(17) 30 5796 1.73 4.77 -12.1 4.9
US/NQ9) 30 1514 1.92 4.99 -10.2 2.5
NC(9) 60 5162 1.87 4.98 -10.5 2.6
us(17n* 30 5796 1.73 4.78 -12.1 4.9

%Reference 11.
bReference 12.
‘Reference 13.

which are smoothened inside a core radi#;;s subject to the Table | shows the transferability of the US/KEL, NC(9),
condition that the_th moment of the electron charge density and US17) pseudopotentials for atomic, bulk, and surface
is conserved. One difficulty with this method is that if the properties of Rh. First notice the very high quality of the
core radiusr?, is extended beyond a certain radius the US(17) pseudopotential, having an accuracy essentially iden-
smoothening procedure starts to develop negative sections |ff2! t all-electron calculations. Notice also the discrepancy
the ng(r) terms, leading to negative pseudo—charge-( ue to the Iocgl-densny approm_matDonbetween the all-
densities. | have found that this difficulty is related to theelectron calculation a!”d the experimental re.SUItS for the bulk
different node structure of the radial all-electron wave func-PrOPErtes of Rh, which warns that the qual_|ty of a pseudq—
tions, and that a larger®. core radius can be chosen when potential should never .be ]udged_by comparison with experl-
" in . mental data. The atomic calculations show that the main dif-
thgre is onI%/ one angular channel. F|gur.e 2 shost@gz, ference between the N@ and the US/N()
Qpp> @ndQqq pseudo-(_:harge-augmenganon functions of thepseydopotentials, is the latter’'s enhanced description af the
US(17) pseudopotential and theQyy pseudo-charge- electrons, which is due to the use of two reference states.
augmentation function of the US/N® pseudopotential. For Table Kc) shows the CPU time used to obtain the self-
the US17) pseudopotential the core radius could not be exconsistent charge density of the nonrelaxed surface for the
tended beyond,=0.6 a.u., while the US/N(@) core radius  three different pseudopotential schemes. The comparison re-
Wasr%=0.9 a.u. giving softer pseudo-charge-augmentatiorveals that the US/N@®) pseudopotential is 3.8 times faster
functions. that the U$17) pseudopotential and 3.4 times faster than the
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NC(9) pseudopotential. For large systems the orthogonalizatentials is therefore mainly due to the latter’s neglect of semi-
tion step is the most time-consuming part of a plane-waveore states.

program, and this scales @&NM?), whereN is the number In conclusion, | have presented a simple scheme for con-
of plane waves anM the number of occupied bands. In the structing a mixed normconserved/ultrasoft pseudopotential
present case this gives a time factor relative to the USSNC ysing as a starting point a normconserved pseudopotential.
pseudopotential of (17/8)=3.6 for the U$17) pseudopoten- The resulting pseudopotential scheme is more accurate and
tial and 2/>~2.8 for the NG9) pseudopotential. Another computationally efficient than the initial normconserved
important issue is the memory requirement that scales asseudopotential. Compared to truly ultrasoft schemes, ghost
O(NM), whlch results in a f/actor 17#91.9 for the US9)  giates are avoided without including semicore shells and the
pseudopotential and a facto?2-2.8 for the NQ9) pseudo- trasoft pseudoaugmentation charge is more easily de-

potential relative to the US/N©) pseudopotential. scribed with the same cutoff as the wave-function pseudoch-
To test whether the neglect of th@,4 pseudo-charge- arge

augmentation functions in the US/NC scheme introduces any
significant error, | have constructed a (1% * pseudopoten- | acknowledge D. Vanderhbilt for valuable discussion and
tial with Qg,=Qpq=Qsq=0. These terms are most impor- for providing an atomic program for the US pseudopotential
tant for asymmetric systems; however, the calculatedonstruction, and P. Giannozzi for help with constructing the
Rh(110 surface properties are almost unaffected by this apNC pseudopotential. | also thank V. Fiorentini for the all-
proximatior(see Table Iz Furthermore, | have found that electron data for the bulk properties of Rh, and S. Baroni for
different variations of the US/NC scheme as including twodirecting me towards the ultrasoft method and for valuable
s-reference states, using the atomic ground state for thdiscussions concerning the method. This work was done un-
p-reference configuration or including ti@@, term, do not der support of the Danish research councils, EEC Contract
change the quality of the pseudopotential significantly. TheNo. ERBCHBGCT 920180, EEC Contract No.
discrepancy between the (IS) and US/N@9) pseudopo- ERBCHRXCT 930342, and CNR project Supaltemp.

1D. Vanderbilt, Phys. Rev. B1, 7892(1990). 9G. B. Bachelet, D. R. Hamann, and M. Sdiely Phys. Rev. 26,

2D. Vanderbilt(private communication 4199(1982.

3K. Laasoneret al, Phys. Rev. BA7, 10 142(1993. 10A. M. Rappe, K. M. Rabe, E. Kaxiras, and J. D. Joannopoulos,

4P. E. Blachl, Phys. Rev. B11, 5414(1990. Phys. Rev. B41, 1227(1990.

5X. Gonze, R. Stumpf, and M. Scheffler, Phys. Rev4® 8503  'CRC Handbook of Chemistry and Physizsth ed., edited by D.
(1991). R. Lide (CRC Press, Boca Raton, 1994

6. Kleinman and D. M. Bylander, Phys. Rev. Le#8 1425 12V, Fiorentini(private communication The calculations were per-
(1982. formed with the full-potential linear-muffin-tin-orbitdLMTO)

R. D. King-Smith and D. Vanderbilt, Phys. Rev. 89, 5828 method, treating the s} 4p, 4d, 5s, and 5 states as valence
(1994. states, and relaxing the core states.

8N. Troullier and J. L. Martins, Phys. Rev. £3, 1993(1991). 3. Nichtl et al, Surf. Sci.188 L729 (1987).



