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The standard density-functional theo(fFT) pseudopotential method often fails to properly
describe transition-metal-containing materials because the commonly used spin-averaged
pseudopotentials fail to capture environment-dependent magnetic effects. Based on a
perturbationlike theory, the spin-dependent pseudopotentials have been shown to accurately
reproduce properties of transition metal atoms and bulk crystals within real space DFT formalisms.
In the present paper, we revisit the question of the transferability of pseudopotentials for the study
of transition elements and implement the spin-dependent pseudopotentials in the more standard
approach to condensed matter DFT calculations—namely, the plane-wave pseudopotential DFT
method. Applications to bulk Ni, Fe, and Cr and comparison with other pseudopotential methods
show that the method promises to provide an enhancement of the pseudopotential transferability
compared to the standard norm-conserving or ultrasoft pseudopotentials, even beyond the nonlinear
core correction. ©2003 American Institute of Physic§DOI: 10.1063/1.1609399

I. INTRODUCTION The main advantage of the pseudopotential approach is
its lower cost compared to AE methods. It is computationally
Plane-wave-based density functional theories surelfar less demanding, and with the ever-increasing computa-
have become the methods of choice for studying condenseghnal power available, it allows first-principles simulations
matter physics from first principles. They can be divided intogf quite realistic and fairly large samples of condensed mat-
all-electron (AE) and pseudopotentialPsh theories. AE {1 The key to the reduced expense is that the pseudopoten-
methods usually employ a mixed basis set, where the plang| repjaces the true singular Coulombic potential by a much

waves are augmented locally around each atomic site Wity gather one near the nucleus, and the pseudo wave func-
radial solutions to the Schanger equation in order to accu- tions are by construction smooth and nodeless within the

rately describe the oscillatory behavior of the wave functionCore radiusr. . This is crucial when the electronic wave
: , : C c-
in the core region. The PsP method is an approximation Runction is expanded in the usual solid-state basis of plane
the AE method and is based on the well-known fact that the aves, as an enormous number of plane waves would be
valence electrons are responsible for most chemical anY:Y - . . :

required to describe the oscillatory behavior of the AE va-

physical properties of molecules and solids. It is thereforq o . .
. o S ence wave function in the core region. Instead, by using
tempting to simplify the description of atoms to those of

pseudoatoms, in which only the valence electrons are explicpseudopotentlals, a much smaller basis set is required to

ity treated in the self-consistent calculation, thereby dra 2Chieve basis set convergence. As a result, one always tries

matically reducing the computational cost. Quantum me° make a pseudopotential as smooth as possible, thereby

chanically, the electronic states of an atom are generally Weneducmg the cost of the calculatlon. whileopefully retaln-. .
separated energetically into discrete core and valence elel1d the important physics. The quality of a pseudopotential is
tronic states. It can be shoWthat it is possible to create a given by its transferability—i.e., its ability to produce results
new set of basis functions for the solution of the atomicClose to the AE ones when placed in different environments.
Schradinger equation so that one can calculate the valence 1he theory and techniques for pseudopotential construc-
states of the atom without explicitly taking the core electrondion are well developed and have led to robust and efficient
into account. These new functions are the so-called pseuddgorithms for building accurate pseudopotentials. The con-
wave functions, which give rise to the so-called pseudopostruction of firSt'prinCipleS pseudopotentials has become a
tential, which is a screened potential experienced only by thé&irly routine procedure, where one chooses the atomic spe-
valence electrons. In order to ensure that the pseudo and Agies to be pseudized, designates which electrons are to be
wave functions and potentials are exactly identical in thekept as valence onésometimes explicitly keeping semicore
valence region of the atom, both pseudo wave functions angllectrons as well and selects a level of theory for the solu-
pseudopotentials are set to match the AE wave functions arigbn of the atomic Kohn—Sham equatidresg., the local den-
potentials beyond some core radiys sity approximation(LDA) or flavors of the generalized gra-
dient approximation(GGA)]. The AE equations are then
JAuthor to whom correspondence should be addressed. Electronic maiﬁOIVed for each angular momentum quantum numiber
eac@chem.ucla.edu order to obtain the eigenenergi@’éE and the set of AE wave
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functions¢|AE. For each angular momentuma core radius  Following the fix introduced by Rappet al.® one usually
r¢ is chosen, usually equal to the outer maximum of the AEmanually sets the cutoff radiugy to be much greater than
wave function, and a pseudo wave functigf® is con- the maximum of the ARl wave function, so that it is still
structed by smoothing out the AE one inside the radiys possible to construct smooth enough pseudo wave functions
and matching various derivatives of the wave function.at ~ for practical use in plane-wave codes. This is often not to-
The Kohn—-Sham equations are then iteratively inverted tdally satisfactory, since one dramatically reduces the transfer-
solve for the pseudopotential®, with the constraint that ability of the pseudopotential by doing so. One often has to
gIPS:gIAE_ find the best compromise between transferability and hard-
Although the plane-wave pseudopotential method hagess of the potential, but the study of transition metal mate-
proved to be accurate and reliable in many cases for thgals using norm-conserving pseudopotentials still remains
study of condensed phases, the method has been used sp@¥pensive if one wants to perform somewhat accurate calcu-
ingly for the study of open-shell transition-metal-based malations.
terials. Usually, the inaccuracies due to the PsP approxima- One way around this problem is to use the so-called
tion are much smaller than other sources of error thadanderbilt “ultrasoft” pseudopotentials. Vanderbilt showed
density-functional theoryDFT) suffers from, among them that by solving a generalized eigenvalue problem, one can
the sensitivity of the method to the different choices ofrelax the norm-conservation constraint and thus build accu-
exchange-correlation potentials. By contrast, transition mettate, reliable, and computationally inexpensive pseudopoten-
als present a case of exception, whereby even within th#als. The cutoff radius, for which the AE and pseudo wave
same level of theory, a broad variety of results have beeftinction have to match is no longer necessarily set to be the
published for the exact same properfiegis is often indica- outermost maximum of the wave function, but rather the
tive of variations in the pseudopotential choice and paramcutoff is chosen so that it gives rise to an optimally smooth
etrization. The breakdown of the PsP approximation in th?seudo wave function. The pseudo wave function is no
case of transition elements is due to their intrinsic physicalonger norm conserving in this case, and the deficit in va-
properties. First, transition metals are open-shell systeméence electron density introduced by this relaxation is com-
meaning that they can give rise to magnetism. CommonlyPensated for by an atom-centered augmentation charge func-
pseudopotentials are spin averaged so that they do not efion- It becomes then quite inexpensive to perform plane-
plicitly account for the variety of electronic spin states thatWave calculations on transition metals, and it is sometimes
may be adopted by the element. As a consequence, suéffted that ultrasoft pseudopotgntlals are more rehaple and
spin-averaged pseudopotentials generally do a poor job dfansferable than norm-conserving oridut even if the first
describing the magnetic properties of transition-metal-basefCt i obvious and of great importan¢eeducing the ex-
materials. Second, they exhibit nearly degeneratand (W~ Pens® it is rather unclear if ultrasoft potentials are really
—1)d electronic shells, making it difficult to separate the MOré accurate and transferable than norm-conserving ones.
atom into core and valence states. A non-negligible overlap fact, they have been shown in multiple instances to give
between core and valence densities exists: for accurate cdjualitatively equivalent resulfsWe will discuss later several
culations, it is sometimes necessary to treat the semjsore €Xamples demonstrating that they do not seem to dramati-
electrons as valence states, which comes with a consideratff'ly €nhance the transferability of a potential. We would
(possibly prohibitivé computational cost as well. As a rath_er state that for comparable transfe_rab!llty, uItra_soft po-
whole, the use of pseudopotentials is challenging for thd€ntials have the great advantage of being inexpensive, even
study of transition elements. The problem is twofold:a”c’w'ng one to treat explicitly the semicoge electrons as

pseudopotential hardness and pseudopotential transferabilit‘fi?‘:enlci_ electrons, which is sometimes required for accurate
calculations.

A. Norm-conserving and ultrasoft pseudopotentials

One of the major steps in creating accurate and reliabl&: Nonlinear core correction

pseudopotentials was the introduction of norm conservation ~ When one generates first-principles pseudopotentials, the
of the pseudo wave functions, which is necessary in order t&€ohn—Sham equatiof$ave to be solved for the atom, and
accurately compute the exchange-correlation potential. Thisne gets as output the total screened potential containing the
introduces an extra constraint for the construction of thesum of all three ionic, Hartree, and exchange-correlation po-
pseudo wave function, and one usually requires that theentials. One then has to remove the Hartree and exchange-
norm of the AE and the pseudo wave function be exactlycorrelation potentials to get the actual ionic pseudopotential
equal within the core region defined bycr . The resulting to be used in the solid-state calculation. The Hartree and
pseudopotential is then said to be “norm conserving.” Oneexchange-correlation contributions by the valence density
of the major problems in using norm-conserving pseudopowill be added back in self-consistently in the plane-wave
tentials for transition metals in plane-wave-based methods isode, depending on the chemical environment in which the
that thed wave function of those elements is very sharp andspecies are placed. Since only the contribution of the Hartree
localized near the nucleus; indeed it has been sAdhat it  and exchange-correlation potentials due to the valence den-
is impossible to construct a pseudo wave function muctsity is removed to unscreen the total potential, this implicitly
smoother than the AE one. Therefore one obtains a vergssumes a linearization of those potentials with respect to its
sharp and localized pseudo wave function that requires density dependence. It is well known that the exchange-
prohibitive number of plane waves to converge the basis setorrelation part is a nonlinear function of the density, while

Downloaded 19 Nov 2003 to 128.97.138.81. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 119, No. 15, 15 October 2003 Spin-dependent pseudopotentials 7661

TABLE I. Atomic energy splitting(AES) between the high-spitspherically averaged?d® ands'd” states of
Fe, as given by an all-electrdAE) and by several pseudopotential DFT-LSD calculations, using a NLCC with
different values of the core radiu§"c® (in A). AES=E(s'd") — E(s?d®).

AE ryte€=0.00 0.10 0.40 0.70 0.85 1.10

AES (eV) 0.10 0.27 0.27 0.41 1.10 1.78 2.46

the Hartree potential is a linear function of the density. Thispseudopotentials by accounting explicitly for the variable
implicit (and incorredt linearization of the exchange- spin states adopted by the atom, ensuring a correct treatment
correlation potential introduces systematic inherent errors if core spin polarization in relevant cas@sg., transition
a pseudopotential calculation, and the problem becomes evenetalg. The whole theory is based on a perturbationlike ap-
more dramatic in the case of transition elements where aroximation, where a reference spin-neutral pseudopotential
non-negligible overlap between core and valence densitieis corrected by a polarization potential, modulated by the
exists. The problem was first mentioned by Loeieal,’®  atomic local valence spin polarization. The pseudopotential
who introduced the so-called nonlinear core corrections thus divided into two potentials, one for the spin-up case
(NLCC). Ultimately, one would like to use the fulincluding  and one for the spin-down case.
both core and valence charge densjtschange-correlation For open-shell systems like transition metals, it is obvi-
potential to unscreen the total atomic potential, but this isus that the atomic wave functions as well as their associated
impractical within a plane-wave basis because it would repotentials will be distinct for up- and down-spin electrons.
quire a prohibitive number of plane waves in order to accu-During the process of creating the pseudopotential, one usu-
rately describe the very sharp core charge density near thaly performs a spin-polarized calculation to create up-spin
atomic sites. Instead, a functigiy; soof ") is used, which is  and down-spin pseudo wave functions and potentials. Once
constructed to recover the exact core charge density beyorttis is done, one usually creates new spin-averaged potentials
some arbitrary NLCC core radiu§-“. The use of a NLCC and wave functions by averaging the spin-up and spin-down
can improve the transferability of a pseudopotential, but iunctions weighted by the corresponding average electronic
not a totally satisfactory fix, because not only are the choicepolarization. Then, after unscreening, this provides a unique
of the NLCC function and its associated core radius notspin-averaged, angular-momentum-dependent pseudopoten-
uniquely defined, but the quality of the calculation is highly tial
sensitive to those choicésAs an example, Table | shows . i
the sensitivity to the choice of the NLCC core radius of a s _ % 1 E !

. . . i oPAN = ool (0 + v (n), @
pseudopotential calculation of the atomic energy splitting be- N Ne
tween the high-spir(spherically averageds®d® and std’ . .
states of Fe. As we can see, the deviation between the A\é/her_e Ne is the to;[al numlber of valence electro(ia the_
and pseudopotential values grows dramatically as the cutoﬁtomIC casgandNg and N the number of electrons with

radiusrN"°C increases. It is generally accepted that a reasonzr P and spin down, respectively. An alternative means to

able compromise is to choose this cutoff equal to where Corgenerate such a spin-averaged pseudopotential is simply to

and valence densities have equal contributions, which corrér:%erftor”)n tlhe tfugim'c %aflilculrattlioz O? th?/wr:o:\magnﬁspr;n—” ¢
sponds in our case w"°°=0.70 A. This dramatic sensi- "ol & SIECTONIC contiguration—i.e., Where each shet o

L . ' : lectrons i nstrain have an | number of n
tivity of energetics on the core radius choice was also opSectrons is constra ed to have an equal number of up and

served and discussed in a recent p&parwhich the authors down Spins.

appear to claim that reducing the valuer@‘f'cc solves the For a spherically symmetric atom, the ion—electron in-

inaccuracy problem. Once again, not only is this intractableteraCtlon energy is given by

within plane-wave-based methods, but also within the local _

spin density approximatiofLSDA), it has been showfthat E"= f 4mr?y(r)n(rdr, )
inherent errors of the exchange-correlation functional make

it undesirable to use the full core charge density. We will seavheren(r) is the valence charge density. In the Watson—
that even if the correction provided by a NLCC is of greatCarter spin-dependent formalism, the potential is now not
importance, it cannot be regarded as the ultimate solution tonly angular momentum dependent, but also spin dependent.
increase the PsP transferability. The problems and complicaFhe total ionic energy is then the sum of the contribution of
tions that transition metal atoms pose to the pseudopotentidihe up- and down-spin channels:

approximation go largely beyond the nonlinearity of the

exchange-correlation potential. E‘O“:f Amr?[o(Hn!(r)+ol(r)nt(r)]dr, (3)

e

C. Spin-dependent pseudopotentials where the up and down potentials are taken as the sum of the
spin-neutral reference pseudopoteniifland of the “polar-

The spin-dependent pseudopotenti&BD-PsPs have  ,ation potential” 5v

been invented by Watson and CartéThe main idea is to
systematically correct the conventional spin-averaged v!(r)=v°r)+F[B(r)]dv(r),
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TABLE II. Atomic energy splitting(AES) between the high-spifspherically symmetrics?d® ands'd” states
of Fe, as given by an all-electrqAE) and by several pseudopotential DFT-LSDA calculations.

AE SN-PsP SN-PsPNLCC SD-PsP US-PsP US-P$RLCC

AES (eV) 0.10 2.50 1.10 0.10 2.30 0.40

vH(r)=vo(r)+F[—B(r)]dv(r), (4)  The general trend is that the inclusion of a NLCC systemati-
cally corrects this lack of transferability, for obvious reasons
stated before, but we have shown that this fix is not neces-
sarily satisfactory from a theoretical point of view. On the
n'(r)—nk(r) other hand, the spin-dependent pseudopotential gives an en-
B(r)= n(+nir)’ (5 ergy splitting in this case identical to the one found in an AE
_ ) ) calculation, as Watson and Carter showed in their original
In Eq. (4), the potentiab® is the pseudopotential generated paper. Those results for atoms tend to demonstrate that the
using the nonmagneti¢i.e., half-up-spin, half-down-spin  gpin-dependent pseudopotentials, being defined with no arbi-
electronic configuration for the element of interest ahd trary extra parameter®.g., as in a NLCChave a great role
represents the perturbative potential. This perturbative poteng play in improving the quality of the DFT pseudopotential
tial is essentially the difference between the potential conmethod for its use for transition-metal-based materials, and
structed from the fully polarize¢high-spin electronic con- ensuing work has focused on implementing and applying the
figuration (denotedv™) and the spin neutral onélenoted method to condensed phases of such elements.

with a functional dependend€ B(r)] through the local spin
polarizations(r):

0 i : izati . ,
v"), scaled by the atomic local spin polarization, Consequently, the spin-dependent pseudopotential
v™(r)—=v0(r) method was implemented recently in the real-space DFT

ov(r)= (6)  codeHARES by Starrostet al* and was shown again to give

Pa1)12 Bal1)] significant improvement of the transferability of pseudopo-
so that the new spin-dependent potentials are spin polarizgentials over the conventional spin-neutral ones for bulk tran-
tion dependent and will give rise therefore to a more or lessition metal crystals. The goal of our current work is to show
perturbed potential depending on the local electronic conthat it is also possiblébut not trivia) to implement the spin-
figuration taken by the element studied in its particular envidependent pseudopotentials into a reciprocal-space DFT
ronment. The functional form used in this work is the onemethod working with a plane-wave basis on a uniform Fou-
suggested by Watson and Carter, where the functibnel  rier grid. Given that most condensed matter electronic struc-
simply taken a$=[ B(r)]=p(r). According to Eqs(3)—(5),  ture calculations are carried out using the latter approach, it

the expression for the potentials then becorhes is essential to outline such an implementation and to demon-
ion strate its feasibility in order for the spin-dependent pseudo-
vl(r)= T (r) =00(r)+B(r)[2—B(r)]6v(r), potentials to be employed more widely in the future.

Ly BT o
vi(r) sni(r) ¢ (1= AOI2+BOov(r). @ Il. IMPLEMENTATION DETAILS

In their original work, Watson and Carter showW&that ac- As one can see from the formalism, E@) has to be

counting for the spin dependence dramatically improves th?mplemented in real space, and it does not seem obvious at
transferability of a pseudopotential for the description of theﬁrst how to implement the method in a reciprocal-space

atomic eigenvalues_ and energy splittings between two diﬁerécheme, working with plane waves on a discrete uniform

ent polarized atomic states. , Fourier grid. We show in this section that it is still possible to
As an example of results from the different pseudopoy,qe the spin-dependent pseudopotentials in reciprocal-space

tential methods discussed previously, we show in Table Il th%lgorithms, since they are based on a dual representation

energy 65p"tti”19 between the high-spispherically symmet-  peeen real and reciprocal spaces by means of fast Fourier
ric) s°d® andsd" atomic states of Fe given by an AE DFT- transforms(FFTS.

LSD_A calc_ulatlon and several psgudopotentlal methods, N 1ha form of the pseudopotential used is the one of
cluding spin-neutral norm-conservii§N-Psh and ultrasoft  einman and Bylandel® where the total potential is divided
(US-Psh pseudopotentials, used with or without & nonlineari,, 1ocal and nonlocal angular-momentum-dependent parts,

core correction(NLCC), and by a spin-dependent NOrm- g, ¢ the total ionic pseudopotential takes the form
conserving pseudopotentiéSD-PsP. For the SN-PsP, we

used arY"©°=0.70 A. This is a strong test of transferability |Av, ) (b Av)|

of a pseudopotential and it is interesting to see that, as we Ups™ UVlocal % W 8
discussed earlier, even if the great advantage of ultrasoft po-

tentials is their rather inexpensive computational cost, it doeshere theAv,’s are

not seem obvious at all that they provide necessarily more

transferable pseudopotentials than norm-conserving ones. Av|=v| =V 9
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and the ¢,’s are the pseudo wave functions. In the spin-for which the nonlocal contributions are taken as
dependent formalism, the potential for each angular momen- 0_ 0 0

. . AU|—U|_U|OC,
tum | is given by

fo_ 0
N=p0+B(258)év,, 10 _ Aol Avy
U V) B( B) v (10 5AU|_,331(2_,8at).

i 0 The total spin-dependent pseudopotential in Kleinman—
v/ =viet B(2F B) it AvP=B(2F B)SAv;  (11)  Bylander form thus becomes

(12

which translates into a local and nonlocal description by

I[AvP = B(27F B) SAv 1)) (B[ Avy = B(2F B) SAv, |
(ol[Av= B(27 B) 5Av 1[4

U= Vet B(Ziﬁ)ﬁvmﬁ% (13)

In Eqg. (8), the conventional projectorf\v,¢,){¢Av|| as  used to construct the pseudopotential, the choice of local and
well as the scaling factoksp,|Av | ¢,) are only atomic func- nonlocal parts is arbitrary, while of course orbital energies
tions, independent of any quantity computed during the calwill be slightly changed for all other configurations. It is thus
culation itself. As we can see in E{.3), this is no longer the possible to alter the local potential by any arbitrary operator
case in the spin-dependent potentials, where both the projeg; 3 provided that one accounts for it in the nonlocal projec-
tors and scaling factors possess an explicit dependence @rs, so that we have the identity
the self-consistent charge densitiirough the spin polariza-
tion B). The major consequence of this is that both the pro- [Av )& Av|
jectors and scaling factors have to be built and evaluated at  Ups~ Uloc % W
each iteration in the SCF cycle. e

In the Kleinman—Bylander fo.rm, the local potential in- - . |(Av|+A)¢|><¢|(AU|+A)|
cludes the long-ranged Coulombic part of the pseudopoten- —v,oc—A+E - . (19
tial, while the nonlocal parts are essentially short-ranged cor- m (i|(Av|+A)| )
rections to it. It has been demonstrafethat most of the
correction due to the spin-dependent potentials is shor
ranged and localized around each nucleus, so we would like
to perturb only the nonlocal part of the total potential, noting ~ Ulfgc_vl%c
also that the perturbation added does not include any ASP= 5y o= B t(2_,8 )’
Coulombic-like behavior. This is possible due to the flexibil- @ @
ity of the Kleinman—Bylander form: for the reference statethen Eq.(13) simplifies into

his manipulation is of great importance for the spin-
ependent potentials, and if we set an operator

(15

SRS HaoPx B2% HLoAv + A SN G ALT = B2 A S0+ AT 8
(#71{01= B(27 B)[oBv + AP} )

such that only the nonlocal projectors have to be selfA. Generation procedure
consistently updated.

The form of the potential in Eq(16) is only defined
within a given chemical environmefthrough the local spin-

Given a local spin polarization, the spin-dependent
pseudopotential is completely defined by two potentials: the

polarization B(r)]. We therefore cannot conduct the tradi- spin-neutral reference potentiaP(r) and the perturbative
tional logarithmic derivative transferability teStson our ~Part of the potentialdy(r). o

new SD-PsP, but will judge instead its quality by its The spm-.neutral reference potential is generated b)_/ us-
environment-dependent transferability. While the analysis of"d the classic scheme proposed by Troullier and Maftins.
the logarithmic derivatives may be of some use when on&Y “spin-neutral” we mean that we generate the pseudopo-
wants to measure the transferability of a pseudopotential, €ntial for the nonmagnetic electronic configuration. For ex-
has been previously shown that such tests are not alwaymple, for iron(Fe), which has a ground-state valence elec-
enough, and environment-dependent tests are still of greatonic configuration of 423d®, we will generate the
importancet’ pseudopotential for the spherically symmetric atom by using
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the nonmagnetic configuratiors4 13d31:3!. and
For the perturbation added to the spin-neutral potential, |
the procedure is a little bit more complex. As we saw, this Nim(G+K) = 41P (|G+K|)Y, e (17 (24)
perturbation has the forrtfor each angular momentym m Ja ! m ’
v,fp(r)—ulo(r) where ) is the volume of the primitive cell is an
v (r)= B[ 2— Bt 17 |-dependent energia scaling factor, defined belgwr; is the

_ ) ) position vector of theéth atom in the cell, and the g,y ,'S
The perturbationsv, added to the spin-neutral potential re- gre the plane-wave coefficients. The sum in E28) runs
quires the generation of a second pseudopotenfi{f),  over all values of G+k| that are less than a maximu@
which is the potential affecting the majority spin for the fully yector, G, which is the plane-wave cutoff.
polarized electronic configuration of the element studied. For |+ has been shown that the evaluation of the nonlocal
the example of Fe, this corresponds to the spherically symanergy can also be done accurately in real siamed that
metric 4s*4/3d°! electronic configuration. After carrying this offers better scaling of the method when one studies
out the spin-polarized atomic calculation, one only keeps thgyrge systems. Since the spin-dependent formalism is based
potential affecting the majority-spin channel and, from thegn a real-space representation, naturally we prefer a real-
corresponding pseudo wave functio(r), computes the space evaluation of the nonlocal energy. In a real-space for-

atomic local spin polarizatio{(r). mulation, Eq.(23) translates to
Traditionally, a set of fractiongs, @, anday of thes,
p, andd potentials to be used as the local part of the poten- 7 :f P(r—R Y.V, (rd3 25
tial is chosen so that m Ir-R,l<re (= R)Yin ¥ in(r) e 9
Vipe= @sUa+ apvp+ agug, whereR,, is the position of atomu in the cell. Because the
o o o o (18) projector function$®|(r) are short-ranged and vanish outside
Ujoc= AsVs T app T aqug the sphere of radius;, this integration can be done in a time

wherev?, is the reference spin-neutral local potential. Thelndependent of the system size, thus reducing the burden of

corresponding nonlocal contributions to be used in théN€ reciprocal-space integration for large supercells. The
Kleinman—Bylander form are the projectors main drawback of the real-space projection is that care must

be employed if it is ever used for small supercells. The pe-

PP=|AvPey), (19 riodic boundary conditions can create spurious self-overlap
with AUP:UP_U%C- We then build the perturbation terms to g(feltlhseizperOJector functions if their range is longer than half the

be input for use in the self-consistent spin-dependent calcu-=
lation, where the local part is expressed by the operattt

in Eq. (15), and the perturbation to the Kleinman—Bylander
projectors are then taken as

The method we employ is the one of King-Smith, Payne,
and Lin8 where they showed that the integration of E2f)
can be done on a uniform FFT grid of mesh vectorsy
variationally computing a set of radial projection operators

Av{”—Av,o el Lo xi(r) adapted for the real-space grid, so that we finally have
|= m"‘AS Pler. (200 the identity
al al
B. Nonlocal part: Projectors Z'm:QZ’ X1 (= R)YimEien(e). (26

The evaluation of the nonlocal energy in reciprocal|n order to evaluate the nonlocal energy in real space for the
space requires, prior to the calculation, the computation °§pin-dependent pseudopotential, bqﬂ(r) and lep(r) are
the reciprocal-space representation of the Kleinman—yerived® from the corresponding projectorE’P(q) and

Bylander projectors for each angular momentum consideredsp, (q) and the perturbatiody,(r) to the nonlocal potential
using the Bessel—Fourier transform is formed so that

o forry— 40
P|<q>=f amr2Av ¢ (r)j(qrdr, (21) s XOZX(0 e )
where thej|,S are Bessel functions of order The evaluation and the numerical integration thus becomes
of the nonlocal potential energy is then atom dependent, and
the contribution of thgth atom in the unit cell from band Zzll—0 "R+ 2%
and at thek pointk is'® Im EL: Dale=R,) =012 B(0)]

GL,n:% &7 70 22) Xoxi(e=R) Y imWin(0). (28)

C. Nonlocal part: Scaling factors
where

Since the spin dependence of the pseudopotential modi-
_ fies the expression for the Kleinman—Bylander projectors
Zim= 2, \im(G+k)c 23
m % im Jee+homn 3 (the nonlocal part of the pseudopotentighen for consis-
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TABLE Ill. Atomic parameters used for the pseudopotential generation. See text for detailed explanations.

Nonmagnetic r (bohn Local potential rCNLCC (bohd
Element XC type configuration les lep led ag ap ay (if any)
Ni LDA sthtlgaral 2.91 2.10 2.07 0.85 0.00 0.15 n/a
Fe LDA sthilgsnsl 2.26 3.05 2.00 0.90 0.00 0.10 1.11
Fe PBE sthlgsrsl 2.29 3.09 1.99 0.90 0.00 0.10 1.11
Cr LDA s1/21:1021 ¢5/21,512, 2.58 3.61 1.80 0.85 0.00 0.15 1.54
Cr PBE sl/21: /2L §5021 512 2.61 3.66 1.79 0.85 0.00 0.15 1.54

tency one needs to update also the Kleinman—Bylander scatasTer!® We constructed norm-conserving pseudopotentials
ing factors¢’s. As we saw in Eq(8), in the spin-neutral for Ni, Fe, and Cr, all generated using the Troullier—Martins
formalism, this scaling factor is an atomic quantity, indepen-schemé using a high-accuracy atomic code originally devel-
dent of any self-consistent quantity computed during the caleped by Froyen and modified by Troullier and Martins. Table
culation. As a result, the scaling factors can be evaluatetll shows the atomic parameters used to generate our spin-
once for all before one starts the calculation, equal to theeutral pseudopotentials. We generated two sets of PsPs for

one-dimensional integral Fe and Cr, one for the LSD and the other for the PBE ap-
proximations of the exchange-correlation potential. Table Il
§|:<¢||AU||¢|)ZJ A7r2¢ Av,¢dr. (29  also gives the electronic configuration used to generate the

spin-neutral reference pseudopotential; not shown are the
In the spin-dependent formalism, the situation is rather diffully polarized, high-spin, configurations with the same
ferent. First, this scaling factor has to be updated selfspherically averagest andd-shell occupancies that are used
consistently during the calculation because it now also deto build the perturbative part of the spin-dependent pseudo-
pends on the local spin polarizatigh) as seen in Eq13). potential. The table displays also the cutoff radis for each
Second, since this local spin polarization is a three-angular momentum channel, the coefficients used to build
dimensional object, the integration has to be done in théhe local part of the Kleinman—Bylander forms, and the cut-
entire space spanned by the unit cell of the crystal studied. 1off radii rg”'cc’s used when a NLCC was applied. The ultra-
fact, the total scaling factor can be rewritten as soft potentials used for this study were the ones provided
sdp__ / 40| A0 _ ~ sdorl 40 with the cAsTEPpackage, version 4.2. When the NLCC was
EP=(di|Av; = B2+ B)[ 5Av,+ AP fy') employed for our norm-conserving pseudopotentials, we
used a polynomial expansion of the partial core density in-
ZJ B (AvP = B(2F B)[ SAv + A ¢dr side the cutoff radiusN-c©

C 3

pe(r)  for r>rhtce

=& f BP* B(2F B[ SAv |+ AP pPdr,  (30) e

¢ (D= i 2i
where §|° is the scaling factor of the spin-neutral reference ex =) ar
potential, which is computed beforehand and is simply
treated as a real number. Note that #fés implicitly contain ~ where the value of the cuto was chosen so that it
the spherical harmonics in addition to the radial part. Wecorresponds to the point in space where core and valence
then are left with the evaluatiofat each iterationof the  charges are of equal magnitude. This produced smooth func-
second term on the right-hand side of Eg0). This can be tions that did not require a larger basis, while at the same
conveniently evaluated in reciprocal space if we define atime allowing us to recover most of the overlapping core
atom-centered function density so that using a smaller cutoff radius was unnecessary.
ow < 0 All local spin density approximatiofLSDA) calculations
O(r)= ¢ (r)[Av(r)+ASRr) ] (r) (8D \ere performed using the spin-polarized Ceperley—Afier
and the three-dimensional functidiir)= =+ B(r)[2F B(r)]. exchange-correlation potential as parametrized by Perdew
The integral in the last line of E30) exactly equals the and Zungef:' for the gradient-corrected potentials, we used
sum over their respective Fourier representations, so that the PBE(Ref. 22 parametrization of the GGA. All calcula-
tions were converged with respect to the plane-wave basis
f f(r)O|(r—R,,)d% -0 f(G)S,(G)O(G), (32 andk-point sampling within the first Brillouin zonga mesh
G of 10X 10x10 was used for all primitive body-centered-
where R, is the position of atomu and S, is an atomic cubic (bee, two atomp cells, while a 8<8x8 mesh was
structure factor. sufficient for conventional face-centered-culficc, four at-
oms cells|. For theoretical consistency, we unscreened the
pseudopotential with the same exchange-correlation potential
as the one used for the self-consistent solid-state calculation.
We have implemented our spin-dependent pseudopotee note that the use of GGAs to unscreen the pseudopoten-
tial method in the plane-wave pseudopotential DFT codedial may be problematic in that the gradient of the density

NLCC (33

for r<r.-—7,

NLCC
ffC

Ill. CALCULATIONAL DETAILS
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TABLE IV. DFT-LSDA bulk properties of fcc Ni: lattice constamag, , bulk TABLE V. DFT-LSDA bulk properties of bcc Fe: lattice constamy, bulk

modulusB,, and magnetic moment per atoM,. modulusB,, and magnetic moment per ato..
ap (A) Bo (GPa M (ug) NLCC ap (A) B, (GP3 M (ug)
Experiment 3.52 184 0.62 Experiment n/a 2.87 167 2.20
FLAPW? 3.42 254 0.62 FLAPW? n/a 2.75 250 1.98
SN-PsP 351 227 0.78 SN-PsP no 2.97 127 3.13
SD-PsP 3.50 240 0.57 SD-PsP no 2.81 254 2.00
SN-PsP 3.49 209 0.77 US-PsP no 2.90 168 3.18
SD-PsP 3.48 208 0.57 SN-PsP yes 2.83 229 2.15
SN-PsP 3.50 237 0.78 SD-PsP yes 2.83 240 2.13
US-PsP yes 2.73 283 1.95
dReference 23. ‘Reference 14.
PReference 14. ‘Reference 24. *Reference 23.

introduced by them generates undesirable wiggles in the poralues as well. We report previous AE full-potential linear-
tential near the nucleus. In this case, the use of a NLCC caaugmented plane-wav@&LAPW) results?® which serve as
be very helpful in smoothing out the potential, and in theour benchmarks. Next we list our results for the spin-neutral
case of the spin-dependent pseudopotential, we find it is pseudopotentialSN-PsP, for the spin-dependent pseudopo-
mandatory procedure. Since the perturbative part of the pdential (SD-PsPB, and results obtained previously by Starrost
tential is essentially the difference between two potentialset al** in their extensive study of bulk Ni using a fully real-
those wiggles become a numerically undesirable featurespace DFT SD-PsP implementation. Last, we show another
Therefore, all GGA calculations were performed using apseudopotential calculation employing norm-conserving
NLCC. PsPs** We see that the LSDA yields the usual outcomes
Since the new potential is self-consistently updated, on@ssociated with overbinding: lattice constants that are too
might expect an increase in computational expense assocmall and bulk moduli that are overestimated. As a result,
ated with its use. However, the overhead cost associated witithough the lattice parameters given by all the norm-
the spin dependence turns out to be negligible when comeonserving potentialé§SN-PsP and SD-PgRre close to the
pared to the same spin-neutral calculation. Occasionally, experimental value, they fail to reproduce the AE value,
few extra iterations are required to achieve electronic conwhich the PsPs are meant to reproduce. The values given for
vergence; however, there are also cases where it convergdge bulk modulus are slightly underestimat@dmpared to

faster than the spin-neutral case. AE resultg for all PsPs, although our SD-PSP improves
upon the SN-PsPs. As expected, the significant improvement
IV. RESULTS of the SD-PsP over the SN-PsP is in the prediction of the

) _ magnetic moment per atom, where the use of the SD-PsP
We present properties of Ni, Fe, and Cr bulk crystals.picely corrects the problems due to the spin-neutral pseudo-

using both conventional spin-neutral and spin-dependeriqtential, yielding a magnetic moment per atom near to the
pseudopotential DFT. Those results are compared to AE DFAE ya|ye.

and other pseudopotential DFT calculatiofmsainly using
US-PsPs The goal of this study is to show the systematic:B Bulk iron
improvement in the transferability of the pseudopotentials™
and of the treatment of magnetic phases when one uses the The magnetic and structural properties of bulk iron pro-
spin-dependent pseudopotentials. It is important to underide a significant challenge to theory. First, there are inherent
stand that the pseudopotential method is an approximation dfifficulties due to the type of exchange-correlation functional
the AE case, and so one should always judge the quality of esed. It is well known that the LSDA predicts the wrong
pseudopotential calculation by its ability to reproduce AEground-state crystal structure for F&?>Second, several dif-
results rather than experimental values. With this goal irferent magnetic and nonmagnetic phases exist, increasing the
mind, we did not try to construct the besnost transferable  chances of seeing the pseudopotentials fail at correctly repro-
pseudopotentials possible. For future applications, it will beducing those phases. As a severe test of the capabilities of
useful to adjust the pseudopotential parameters to optimizeur spin-dependent pseudopotentials, we focus on the study
smoothness and transferability prior to their widespread usef the cubic phases of Fe, using both the LSDA and the
Here, our interest is simply to gauge the system@icdack  spin-polarized GGA-PBE approximation to the exchange-
thereoj improvement due to the use of the spin-dependentorrelation potential.

pseudopotentials, regardless of the quality of the original
spin-neutral pseudopotentials. 1

A. Bulk nickel

. LSDA results

Table V displays the LSDA bulk propertié¢kttice con-
stantay, bulk moduliBy, and magnetic moment per atom

Table IV displays propertiefthe lattice constantap), M) for the ferromagnetic bcc phase of Fe. LSDA calcula-
the bulk modulus By), and the magnetic moment per atom tions predict its energy to be higher than nonmagnetic fcc
(M)] of fcc Ni using a variety of approaches, all within and hcp phases, despite the fact that the observed ground
DFT-LSDA. For completeness, we include the experimentaktate is ferromagnetic bcc. Nevertheless, this failure of the
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TABLE VI. DFT-LSDA structural energy difference eV/aton) between the ferromagnet{EM) bcc phases
of Fe and the nonmagnetidlM) bcc and fcc phases.

FLAPW? SN-PsP SD-PsP US-PsP SN-PsP SD-PsP US-PsP

NLCC n/a no no no yes yes yes
EpM_EgfM 0.29 2.03 0.13 2.53 0.35 0.35 0.26
Erv—EfM —0.055 0.170 —0.020 0.216 0.001 0.001 —0.010

aReference 30.

LSDA to correctly predict the ground-state properties of Fetion. Those results confirm the trends that were seen in Table
affects equally AE and PSP methods, so our comparison b&‘. Namely, when a NLCC is not applied, both SN-PsP and
tween both is still valid. We again show results using theUS-PsP behave extremely poorly: dramatically overestimat-
norm-conserving spin-neutr@SN-PsP and spin-dependent ing the energy splitting between the NM bcc and FM bcc
(SD-PsP pseudopotentials and an ultrasoft pseudopotentigbhases and between the NM fcc and FM bcc phases, and
(US-PsP. We did two sets of calculations, with and without even worse, yielding the wrong relative ordering for the lat-
including a NLCC. When no NLCC is employed, both the ter. The use of the SD-PsP once again nicely corrects those
SN-PsP and US-PsP give qualitatively similar results. Foinaccuracies, giving a slightly underestimated energy split-
example, the lattice constant is significantly overestimatedting for the NM bcc and FM bcc phases, and the correct
contrary to the expectation that the LSDA should overbindrelative ordering for the NM fcc and FM bcc phases, even
and thus underestimate its value. The bulk modulus in botlthough the energy difference is somewhat underestimated.
cases is greatly underestimated—Ilower or equal to the exhen a NLCC is used, as in Table VI, we have enhancement
perimental one—when LSDA is expected to overestimate it®f the transferability of the potentials, where all three SN-
value. The ferromagnetism of the cell is in both cases als®sP, US-PsP, and SD-PsP give reasonable results compared
quite poorly described, with up to 60% error in the magneticto the AE FLAPW, although both SN-PsP and SD-PsP are
moment per atom. When the spin-dependent pseudopotentiabt quite able to resolve the degeneracy between the NM fcc
is employed, the improvement is dramatic. Even though thend FM bcc phases. Last, we again see that when a NLCC is
lattice constant is slightly overestimated when compared taised, the SD-PsP does not give as dramatic an improvement
FLAPW results(by ~2%), theSD-PsP value is smaller than over the SN-PsP as it does when no NLCC is employed.

the experimental one, obeying the typical tendency of LSDA  The special case of the fcc phase, with its inherent mag-
to overbind, as is seen in the FLAPW results. For the bulknetovolume complexity, reveals even more dramatically the
modulus, the value predicted by the SD-PsP is in excellenfailure of the conventional spin-neutral pseudopotential
agreement with the AE one, and the improvement of themethod. Within the LSDA, the fcc phase has been shown
treatment of the cell magnetism is rather dramatic as wellfrom AE calculations to present a complex potential energy
with almost perfect agreement with AE results. When asurface, where the lowest-energy fcc phase is seen to be
NLCC is used, the results for the SN-PsP show an enhancatbnmagnetic at low volume, but ferromagnetic ordering was
transferability of the pseudopotential, nicely correcting theshown to stabilize the phase at higher volurfieBigure 1
obvious lack of accuracy of the pseudopotential without ashows the relative ordering between the NM and FM fcc
NLCC. While the lattice constant and magnetic moment argohases as computed by our SN-PsP and SD-PsP, clearly
much closer to AE values, the bulk modulus is improved butshowing the failure of the spin-neutral potential to correctly
still is less accurate than with the SD-PsP. When the SD-PsP
is used with a NLCC, the enhancement of transferability
compared to the SN-PsP with NLCC is not as dramatic as
before. Bothay andM are very similar to the SN-PsP with
NLCC values, with the only real improvement being the
evaluation of the bulk moduluB,. It is quite surprising at
first to see that the SD-PsP does not significantly improve theé
results over the SN-PsP when used with a NLCC, and evers %5

-549.5- .

-550 —

=

detail later, giving a rationale to explain this phenomenon.€
For the US-PsP, the improvement due to the use of NLCC is -5515
quite remarkable as well, exhibiting very good agreement

worse, the SD-PsP without a NLCC seems to give more sat§ [ VN
isfactory results than with a NLCC. We address this pointinz -%'f- o—0 FM (SDPsP) |

with AE values forag andM, even if the considerable over- 5521

H H H : H | L | L | L | L | L | L | L |
estimation of the bulk modulus can call into question its < 5 0 m - 5 m 5
tl’ansferablllty. Volume (A3 / atom)

Table VI shows the structural energy differences be_FIG. 1. fcc iron nonmagnetitNM) and ferromagneti¢M) phase ordering

twe_en the ferromagnetit-M) bCC_ phase and the NONMAY- as predicted by DFT-LSDA calculations by a spin-neuti@N-Psp and
netic(NM) bcc and fcc phases, within the LSDA approxima- spin-dependentSD-PsB pseudopotential.
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F T T T T T T T T L TABLE VII. GGA bulk properties of bcc Fe: lattice constaat, bulk
———— modulusB,, and magnetic moment per atoi,. All pseudopotentials in-

E| R N SRS * - clude a NLCC.
—_ R e
> P
é - B o Bja () Bo (GP3 M ()
g ,L | Experiment 2.87 167 2.20
§ FLAPW? (PW91) 2.84 174 2.17
| SN-PsP(PBE) 2.94 130 2.61
£ SD-PsP(PBE) 2.93 127 2.55
: US-PsP (PW91) 2.86 157 2.32
Z 1= +--+ SN-PsP —
g @--© SD-PsP
2 v--v US-PsP “Reference 26.

+—+ SN-PsP + NLCC
66— SD-PsP + NLCC
v—v US-PsP + NLCC

bReference 7.

o 10 u 12 13 FLAPW calculatior?® a spin-neutral pseudopotentiéBN-
Volume (A® / atom) PsB, and a spin-dependent P$BD-PsP. For comparison,
FIG. 2. Net magnetic moment vs volume for the fcc phase of Fe as t:alcu\-Ne als_o include r7eSLlItS reported ea.lr“er. using an ultrasoft
lated by several LDSA pseudopotential methods. potential (US-PsB. AII_pseudopotentlaIs include a N_LCC,
although the formulation used for the US-PsP is different
than ours. Because the PBE exchange-correlation potential is
describe the complexity of the potential energy surface. Thessentially a recast of the PW91 potential and since the errors
spin-neutral PsPs without a NLGCe., the norm-conserving introduced by the pseudopotential approximation in this case
SN-PsP and the ultrasoft US-Pgboth yield two very dis- are expected to be much greater than the discrepancy be-
tinct NM and FM phases, with the FM one being much lowertween those two exchange-correlation potentials, it should
in energy. Those potentials thus predict a very stable FM fcmot be a problem to compare directly results from PWfét
phase and no branching with the NM phase. As for the spinFLAPW and US-PsPwith our PBE resultgfor SN-PsP and
dependent potential, the correction is quite impressive, wher8D-PsB. The SN-PsP and SD-PsP both slightly overestimate
we are able to resolve the magnetovolume effect, reflectinghe lattice constant compared to the AE value. Often, GGAs
the degeneracy of both NM and FM phases at low volumepvercompensate for the errors in the LDA, thereby tending to
with branching as we increase the lattice parameter, just as inderbind, which leads to overestimated lattice parameters.
the AE calculations. Figure 2 provides a more complete il-This occurs in our pseudopotential calculations but for some
lustration, showing the variation of the net magnetic momenteason not in the AE FLAPW or the US-PsP calculations. We
per atom of the fcc unit cell as a function of cell volume for also underestimate the value 8f, and overestimate the
all our different pseudopotential methods. Both the SN-PsPnagnetic moment. Beyond the lack of transferability of the
and US-PsP without a NLCC give magnetic moments pereference potential, the use of the SD-PsP improves only
atom that are far too large. When the SD-PsP is employedslightly on transferability, e.g., tending to reduce the overes-
we can see branching of the FM phase off the NM phase asmation of the ferromagnetic ordering. Figure 3 shows the
the cell volume increases, followed by the persistence ofsGA-PBE phase diagram of NM and FM cubic phadesc
ferromagnetic order up to 24, just as predicted by AE and fcg of Fe. For the FM phases, both spin-neutral and
calculations. The use of a NLCC again greatly improvesspin-dependent pseudopotential results are shown. As ex-
upon the PsP transferability, and all three methods giveected from the use of GGA, FM bcc is how correctly pre-
qualitatively similar results, in fairly good agreement with
AE ones.

= T T T
-8354 — 6—9 bcc NM =
00 fcc NM

©--© bee FM - SN-PsP
+--+ bee FM - SD-PsP
©--0 fcc FM - SN-PsP
+-+ fcc FM - SD-PsP

2. GGA results

Since the LSDA has been shown to fail in correctly pre- 454l
dicting the ground-state properties ofd 3 transition
element$® we sought to apply our new spin-dependent
pseudopotential formalism within a higher level of theory.
This section discusses properties of different magneticZ sl
phases of cubic Fe using the GGA-PBE exchange-correlatiorz L
functional?? As mentioned earlier, the use of a NLCC turned |
out to be required numerically in the case of gradient-
corrected functionals in order to produce smooth and reliable .,
pseudopotentials. Unfortunately, we did not have access tc
any ultrasoft potential for use with the GGA-PBE exchange-
correlation potential, which would have provided a direct Volume (A’ /atom)
point of comparison. . .

Table VII shows the spin-polarized GGA-PBE results for Eﬁfdift'egFJ;GSS(P;?]_?]Z?E&%EQ_L&S? fZLf,hesf,?nb_ﬁe%ZiZeesnfsfSf’,lksge *
the ferromagnetic bcc ground state of Fe as given by an Alpseudopotentials.

8358

gy (eV/atom)
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TABLE VIII. Spin-polarized GGA energy splittings between the NM and 4856 1 T T T T T T T T T —
FM bcc phases of Fe and between the FM bcc and NM fcc phases of Fe. i +—+ LDA NM
p—p LSDA AF (SN-PsP)
FM NM - -Ps| -
Method XC type ECM— ENY EMV-ERM 4458 e
»>-4 GGA AF (SN-PsP)
AE LMTO? PW91 —-0.14 0.43 5 -0 GGA AF (SD-PsP)
SN-PsP PBE —-0.37 0.67 2 el Walln
SD-PsP PBE -0.29 0.59 3 -
US-PsP PWO1 —-0.24 0.56 B &
& -486.2 |- s e -
*Reference 31. E | ‘\\ A
PReference 7. c . e
4864 - e o -
RS e
e >
dicted as the ground state, lying slightly lower in energy than . | | | “*I-"-—»—-——;—f* ---- *’I’ _
the FM fcc phase after its branching away from the NM fcc v w12 13 1 1B
phase. Qualitatively, both SN-PsP and SD-PsP seem to giv. Volume (A°  atom)
similar results, _a_\l_though thelr associated energies, and thyg; 4 Branching of the NM and AF phases of bce Cr as calculated by
the phase stabilities, are different. spin-polarized LDA and GGA-PBE methods using a spin-neysal-Psp

Table VIl shows the structural energy differences be-and a spin-dependerSD-PsP pseudopotential. All pseudopotentials in-
tween magnetic and nonmagnetic phases of bulk Fe. In afilude a NLCC. The GGA curves were uniformly shifted by 10.3 eV.
cases, the pseudopotential methods tend to overestimate
those energy splittings, most dramatically in the case of the
SN-PsP. Nevertheless, the SD-PsP corrects this tendency, and
even provides results of fairly equal quality to the highly much an area of active resear@f? Our goal is not to com-
accurate US-PsP results published by Moreinal/ pare our work to the previous extensive work on the subject.

A preliminary conclusion is that the spin-dependent PsP&#lere we limit our study to the simpler antiferromagnetic
clearly tend to enhance the transferability of the usual spintAF) phase of bcc Cr, which can be seen as an approximation
neutral PsPs in all respects. However, as discussed earli¢g the real SDW. All-electron DFT calculations have shown
this improvement does not seem to be as dramatic when that it is unclear whether LSDA or GGA is better for describ-
NLCC is used. Evidently, the use of a NLCC already en-ing AF Cr?® The LSDA predicts a NM bcc ground state, with
hances the PsPs transferability, so that part of the “job” issubsequent branching to the AF phase at larger volume,
already done. However, this answer is not entirely satisfacwhile the GGA predicts the branching to occur prior to the
tory. In fact, our LSDA results for bcc Fe showed that weminimum in the potential energy curve, thereby predicting
were able to obtain better results using the SD-PsP without the correct ground state, AF bee €iBut despite its inability
NLCC than with, and it appears that the use of a NLCC wado predict the correct structural properties, the LSDA seems
quenching the effects of the spin-dependence. Qualitativelyp give a good description of the bulk antiferromagnetism,
the SD-PsPs are based on a perturbationlike theory, and wehile the GGA dramatically overestimates it. The case of Cr
saw that it essentially consists of giving the pseudopotentials difficult even for an AE method, let alone for a pseudopo-
an extra degree of freedofor self-adaptationfollowing its  tential technique. It may be necessary to include semipore
local chemical environment: depending on the local spin postates as explicit valence states in order to obtain somewhat
larization around the atomic site, the pseudopotential adapteasonable results. Spin-neutral PsPs are also expected to
itself to a more(represented by the fully polarized potential have difficulties at reproducing atomic orbital energies and
v™) or less(by the spin-neutral referenag) polarized po- bulk magnetism since Cr atom has a fully polarized elec-
tential. When no NLCC is used, the discrepancy betweetronic configuration(high-spin s'd®). We have generated
those two atomic potentials is fairly large and the magnituddwo sets of potentials: one LSD@&N-PsP and SD-PgRnd
of the spin-dependent perturbation appreciable. Howevegne GGA-PBE(SN-PsP and SD-PgRvhere in all cases we
when one uses a NLCC, the improved transferability makegncluded a NLCC. The semicorne states were left as core
those two atomic potentials more similar, thus diminishingstates, which comes with a penalty in terms of the transfer-
the magnitude of the spin-dependent perturbation and thability of the PsPs, but once again our goal is not to compare
possible improvement gleaned from its use. To test oupur results against experiment, but rather to monitor the sys-
method in a more extreme case, we decided to apply ouematic changes and/or improvements due to the spin depen-
SD-PsPs to bulk Cr. dence compared to a spin-neutral potential. As a conse-
quence of not treating the semi-copeelectrons explicitly,
the use of a NLCC was necessary to generate a somewhat
reasonably accurate spin-neutral reference potential.

From both experimental and theoretical points of view,  Figure 4 shows qualitatively the branching between the
the properties of solid Cr are puzzling. It is generally under-NM and AF bcc phases as a function of volume, as predicted
stood that its ground state is a bcc phase showing a spioy our PsP methods for both LSDA and GGA exchange-
density wavegSDW) of about 20—21 lattice period§As far  correlation potentials. As can be seen and in accordance with
as DFT calculations are concerned, the study and undeprevious AE calculations, LSDA predicts a nonmagnetic
standing of the magnetic ground state of bcc Cr is still veryground state for bcc Cr, while GGA correctly gives an AF

C. Bulk Cr
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TABLE IX. Spin-polarized DFT predictions of bulk properties for NM and AF bcc Cr: lattice consignbulk
modulusB,, and magnetic moment per atoM, All pseudopotential calculations include a NLCC.

Method Theory ag(NM)  ag(AF)  Bo(NM) By (AF) M (a2 M (al*9®
Experiment(SDW) n/a n/a 2.88 n/a 191 0.62 n/a
FLAPW® LSDA 2.79 n/a 308 n/a 0.63 n/a
SN-PsP LSDA 2.85 n/a 305 n/a 0.17 n/a
SD-PsP LSDA 2.85 n/a 305 n/a 0.30 n/a
FLAPW! PBE 2.85 2.87 260 184 1.16 1.08
SN-PsP PBE 2.90 3.00 257 71 1.87 2.62
SD-PsP PBE 2.90 2.95 257 121 1.29 1.88

#Magnetic moment per atom at the experimental lattice parameter.
PMagnetic moment per atom at the computed lattice parameter.
‘Reference 28.

‘Reference 28.

ground state with lattice constant slightly larger than for thedifficulty of uniquely defining and generating pseudopoten-
NM phase. tials transferable enough for reliable use. It has become com-
More detailed results are collected in Table IX. Themon practice to adjust the pseudopotential parameters to fit
LSDA results show that our pseudopotential does a reasonhe desired results, which represents not only an unsatisfac-
able job of reproducing AE values for the NM phase. Thetory method for a so-called “first-principles” theory, but also
bulk modulus is in excellent agreement, with only the latticedoes not guarantee an overall better transferability—a
constant being slightly overestimated in comparison topseudopotential may very well work for some test cases and
FLAPW results. As for the magnetic phase, our PsPs predic§ramatically fail for others. The introduction of Vanderbilt's
the branching between NM and AF phases to occur togoft potentials allowed the cost involved withelements to
“late,” leading to an underestimated net magnetic momentye dramatically reduced, but did not directly address the
per atom at the shorter experimental lattice constant. Whilgansferapility question.
both pseudopotentials poorly reproduce the AE magnetic |, this study, we have focused on the latter issue, where
moment, the SD-PsP error is significantly less than the SNge have tried to make a fair comparison between the accu-
PsP error. As in the case of the LSDA, our GGA PsP yields 350y and transferability of the different pseudopotential
bulk modulus that agrees well with the AE value for the NM methods, whenever possible, and to compare them against
phase, while slightly qverestimating the equilibrium lattice o haw spin-dependent pseudopotentials that we have suc-
constant. The main failures of the SN-PsP are found for th%essfully implemented and applied in a reciprocal-space

bulkfmo?hulus, Whe:_e the resutlt 'S farttoo l?{\'{’hWh"e th_e val; lane-wave code. Overall results show that US-PsPs, not sur-
ues for the magnetic moment per atom at the expermen risingly, do not show substantial improvement of the

and theoretical equilibrium lattice constants are far too high, . . .
. . seudopotential transferability over the more expensive
When the spin-dependent PsP is employed, the errors afe .
I ) . . norm-conserving ones. On the other hand, the use of a
significantly smaller in all properties calculated. In particular, : L . .
: Y : .. .. 'NLCC fixes some of the PSP’s inaccuracies. Regarding our
while the bulk modulus is still underestimated, it is signifi-

cantly improved over the SN-PsP, and the values of the ma 1ew method, the results for bulk Ni, Fe, and Cr show that the
netic moment are now in much bétter agreement with the A se o_f SD-PsPs improves_ t_he pseudopotential transfergbility
ones. At the experimental lattice constant, the SD-PsP gives' all instances. For the critical case of bulk Fe, we obtained

very satisfactory magnetic moment and a much improve&“ccurate results and energetics without the use of a NLCC,

value for the magnetic moment at the theoretical lattice pa?nere the SN-PsP'énorm-conserving or ultrasofinvari-

rameter. For both SN-PsP and SD-PsP, this lattice paramet8P!Y failed. When a NLCC is used, or must be used, the
is larger than the experimental one, which is not the case foumprovement is less dramatic but stllllgensmle. We attribute
the FLAPW one. Since cell magnetization always increased!is effect to the enhanced transferability due to the use of a
with volume expansion, it is thus normal that our PsPs give AILCC that quenches the perturbative part added in our spin-
magnetic moment aaJ"*° larger than the one &S, The dependent scheme. But the study of a fully polarized element
SD-PsP also gives a much more reasonable energy splittidg® Cr clearly shows that even with a NLCC, there remains
between the NM and AF phases: FLAPW predicts the AFdiscrepancies between the spin-neutral and fully polarized
phase to be lower by 0.01 eV/atom, while the SN-PsP prePseudopotentials, and our results for bulk Cr suggest that, in
dicts the AF state to be lower by 0.13 eV/atom. When thefact, the use of the SD-PsPs can provide a significant im-

SD-PsP is employed, this energy splitting is found to be 0.0provement of PsP transferability beyond the use of a NLCC.
eV/atom, a significant improvement. But even though the question of pseudopotential transferabil-

ity is essential from a qualitative point of view, the compu-
tational cost involved with norm-conserving potentials can-
not be ignored, and therefore an ultrasoft formulation of the
The properties of transition elements present great chalSD-PsP method is currently being developed. Combined
lenges for the pseudopotential approximation because of theith the computational advantages of the ultrasoft pseudopo-

V. CONCLUSIONS
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