PHYSICAL REVIEW B, VOLUME 64, 235105

Density-functional theory modeling of bulk magnetism with spin-dependent pseudopotentials
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The recently developed spin-dependent pseudopotentials markedly improve the description of the energetics
of isolated transition metal atonj§. C. Watson and E. A. Carter, Phys. Rev58& R13 309(1998]. Spin-
dependent pseudopotentials are obtained from a combination of spin-neutral and fully polarized atomic pseudo-
potentials, employing the self-consistent local spin polarization to adapt to different environments. Their use is
extended to bulk materials in the current work, where we have implemented the spin-dependent pseudopoten-
tial formalism within a real-space density functional theory code. Calculations on bulk Fe, Co, and Ni yield
lattice constants and bulk moduli within the accuracy expected of a method employing the local density
approximation of density functional theory, except for an overestimated Fe bulk modulus. However, the
magnetic moment is in dramatically better agreement with experiment and published all-electron calculations
when the spin-dependent pseudopotentials are employed.

DOI: 10.1103/PhysRevB.64.235105 PACS nunider71.15.Dx, 71.15.Mb, 71.15.Nc

[. INTRODUCTION The so-calledab initio approach can be criticized on sev-
eral levels, however. For one, the use of DFT requires an
A large and diverse class of methods for the calculation ohpproximation to the exchange-correlation functional that is
the electronic structure of materials depends on pseudopotearbitrary to some exter(a problem that affects all-electron
tials for the description of the interaction of the valence elec-as well as pseudopotential DFT methpdshe dependence
trons with the nucleus and the core electrons. The use aff the exchange-correlation energy on the electron density
pseudopotentials simplifies electronic structure calculationsan be approximated for the uniform interacting electron gas
considerably, reducing the complexity of the codes and thérom quantum Monte Carlo calculations, for examplé?
size of the required computational resources. At the samklowever, the fact that there still is an active industry in-
time, solid state calculations, usually performed within thevolved in constructing functionals for the LD@&Ref. 15 or
local density approximatiofLDA) (Ref. 1) of density func- the generalized gradient approximati¢@GA) (Ref. 16
tional theory(DFT),? have been shown to accurately predict shows that such a mapping is not uniqdespite the unique
a number of physical properties for a large variety ofconstraints placed by the uniform gas resufisd that a sys-
materials. tematic means for their improvement is lacking. Current re-
The aim of pseudopotentials is to eliminate the Coulombsearch in density functional approximations tries to go
singularity of the nuclear potential and the atomic core statebeyond the limited LDA and GGA forms(see, e.g.,
while retaining as much of the physical properties outside oKurth et all).
the core region as possible. Ever since the introduction of Also, the pseudopotential formalism has some practical
pseudopotentiaf$? the determination of the optimum poten- and fundamental problems. On the practical side, the de-
tial for a given atom has been problematic. In addition toscription of atoms with strongly localized valence states,
describing the atom correctly, the potential should also beuch as oxygen or first-row transition elements, is difficult
“transferable” to other chemical environments. Early ap-using norm-conserving pseudopotentials. The description of
proaches to the derivation of pseudopotentials from “firstboth their potentials, which are very deep, and the valence
principles” were based on the orthogonalized plane wavestates is very costly in plane-wave methods. Ultrasoft
method>® The introduction of the concept of norm conser- pseudopotentials relax the rules of pseudopotential construc-
vation by Topp and Hopfield, Redondo, Goddard, and tion to some extent and deliver smooth pseudopotentials that
McGill,® and by Hamann, ScHier, and Chianghas allowed are easily described by plane waves. On the fundamental
the derivation of smooth pseudopotentials with a very smalkide, these pseudopotentials are based on a number of param-
number of parameters and has led to widespread use of thesters that are arbitrary to some extent and call the designation
so-calledab initio pseudopotentials. The introduction of the ab initio into question.
nonlocal form for the pseudopotentiflsand later refine- For the norm-conserving, nonlocal pseudopotential of a
ments of the formalism for the generation of smooth norm-irst-row transition element, typically four parameters have
conserving potential$ have made the application of pseudo- to be adjustedignoring for the moment the “nonlinear core
potentials in plane-wave electronic structure codesorrection”). These are the three radii for tlee p, andd
increasingly  straightforward and popular.  Ultrasoft potentials beyond which the atomic wave functions are to
pseudopotentiatd add some complexity to the formalism coincide with the all-electron solution, and the choice of the
but can further reduce the computational burden since thego-called local potential. The local potential is introduced in
require basis sets that are considerably smaller. semilocal and nonlocal pseudopotential approaches. All com-
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ponents in the angular momentum decomposition of thesalues for structural parameters such as a bulk lattice con-
wave function experience the local potential. The main comstant of 5.54 a.u(experimental value: 5.42 a)uand a bulk
ponents of the wave function, such as thoses,gbp, andd  modulus of 1.24 Mbaf1.68 Mbay. However, the magnetic
character, are projected out and for them the potential is comoment per atom was significantly too high at 3.@%om-
rected to give each their respective potential. All the compopared to the experimental value 2g.
nents of the wave function with>2 experience only the There are a number of reasons for the failure of conven-
local potential. Typical choices for the local part are one oftional pseudopotentials. Among them is that they are usually
the s, p, andd potentials, a mix of these, or the all-electron constructed from spin-neutrééqual number of up and down
potential whose potential in the inner region is replaced by aping reference configurations. For nearly closed shell at-
Bessel-like functior(involving another radius parameter that oms, this should be a reasonable approximation, but for
can be adjusted, see, e.g., Ref).18 highly spin-polarized atoms with large numbers of unpaired
Pseudopotentials constructed according to the constraimiectrons or for atoms whose spin configuration changes with
of norm conservatiorii.e., the solution for a giveh at the  environment, such a pseudopotential will provide a poor de-
eigenenergy must have the same charge for both the pseudseription of the valence electrons.
potential and the all-electron cagdsve relatively deep po- Another source of error is the implicit linearization of the
tentials near the nuclear position for strongly localized statessxchange-correlation potential in the case of pseudopoten-
such as thel state in first-row transition metals. As men- tials. The fix frequently employed to overcome the problem
tioned above, this leads to expensive calculations. One waig the nonlinear core correctiofNLCC).?! This correction
to avoid this problem is to choose a cutoff radius beyond th&omes with another adjustable parameter, the radius up to
outermost maximum of the atomic wave function. Surpris-which the core density will be replaced by a smoother den-
ingly, this often leads to physically reasonable results in calsity for use in plane-wave methods. Using the full core in the
culations of ground state bulk properties. NLCC eliminates the linearization error, but the sharp core
Another way to reduce the computational burden is thedensity cannot be handled efficiently by plane-wave meth-
ultrasoft pseudopotentiafUSPB approach in which the ods. The initial suggestion for the choice of the NLCC radius
norm-conservation constraint is relaxed so as to produce was the radius where the core and valence density are
smoother potential. Any charge differences are compensatestjual’* This fails for many transition metals, as has been
using an augmentation charge density. The new scheme imlemonstrated®?? Porezaget al. have pointed out that reduc-
troduces additional parameters: In the original formulationing the core radiugideally to 0 indeed improves the results
by Vanderbilt? these are additional energies, for which thefor transition metald® However, the sharper core density
scattering properties of the pseudopotential agree with thosequires a higher resolution which leads to a higher compu-
of the all-electron potential. These additional energy paramtational price, particularly in bulk calculations. An alternative
eters can be chosen for each angular momentum quantuapproach that allows the treatment of the full core charge is
number| independently. The ultrasoft pseudopotentials aghe use of a linear augmented plane wéavBPW) basis set
employed by Moroniet al!® have an additional augmenta- in combination with pseudopotenti&$(The LAPW method
tion radius for eaclh, which generally is chosen to be smaller is capable of treating the full Coulombic nuclear potential,
than the cutoff radius. These authors also stress that “corhowever?)
siderable care has to be taken in the construction of the lo- Another problem of the NLCC is that the LDA exchange
cal” pseudopotential. Their choice is to replace the all-potential includes an error when the core density is taken
electron potential by a functioA sin(g.f) (A andq,. are into account because the exchange between valence electrons
determined to give a smooth continuation of the all-electrorin the core region is unphysically reduced by a factor of
potentia) inside a cutoff radius, which is another parameter.(p¥/p®)?3 [wherep® (p°) is the valencdcore charge den-
In summary, a nonlocal ultrasoft pseudopotentialsfgr, and  sity] from the exchange interaction they would have seen in
d states, derived from two energies requires three cutoff radihe absence of core electroffs.
at each energysix parameters, but usually only one param- In summary, the USPP technique—achieving smoother
eter perl channel is usedand three augmentation radén-  potentials—in connection with the NLCC—correcting the
other three parametgrslus the cutoff radius for the local nonlinear density dependence of the exchange-correlation
potential(one more parameterSo far, up to ten parameters potential—can give excellent results at a low computational
are required for the definition of the potential. cost. However, there is considerable reason to call into doubt
While norm-conserving and ultrasoft pseudopotentialshe label “first principles” or “ab initio” for this approach.
have been used for a wide range of materials, they fail dra- In this paper, we demonstrate that the spin-dependent
matically in certain cases. One class of examples are opemseudopotentials, which have been shown to dramatically
shell atoms, such as transition metals. Porezag and cdmprove the description of the electronic properties of tran-
workers report, with reasonable choices of parameters, asition metal atoms, give an improved description of transi-
error of about 7 eV in the Mn atom spin-polarization tion metal crystal properties as well. In contrast to the USPP,
energy™® the energy difference between the spin-averagedo additional parameters are introduced, the method is thus
reference state used in the construction of the pseudopotenensiderably closer to thab initio spirit. Their drawback is
tial and the(generally spin-polarizedatomic ground state. certainly the higher cost compared to USPP, since they retain
The bulk properties of Fe calculated with a norm-conservinghe property of norm conservation. The results have been
pseudopotential by Cho and Scheftfeyielded reasonable obtained from a modified version of the adaptive-coordinate
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real-space DFT cod&cRres),?® high-performanceoRTRAN ) pv,T(F)_pv,l(F)
adaptive grid real-space electronic struct@rares).?® In Br)=——— . 3
Sec. I, we briefly review the theory of spin dependence for p“(r)

pseudopotentials and the nonlinear core correction, and We has heen shown that the use of these pseudopotentials con-
introduce HARES. In Sec. IlI A, results obtained with an gjgeraply improves the total energy differences between dif-
atomic code are compared with atomic results obtained using, ent spin states of first and second row transition metal

HARES to verify our implementation. Section Il B presents 4ioms, as well as the eigenvalue spectrum across spin states,
results for the bulk properties of transition-metal crystals Fey,nen compared to all-electron restifs.

Co, and Ni. All calculations are carried out in the local spin

density approximation of density functional theory. A. Construction of spin-dependent pseudopotentials

No new parameters beyond those of the conventional
spin-neutral pseudopotential are introduced in the construc-
Within the local spin density approximati¢hSDA) (Ref.  tion of these spin-dependent pseudopotentials. The process
27) of DFT? the effective potentiad & for electrons of spin  starts with the construction of two screened pseudopoten-
o in the single-electron Hamiltonian is given by tials. One way to construct these is by first creating the
(nodelessradial part of an atomic pseudowave functiBﬁ
02N =vex(N +veel p(N) ]+ p!(r),p'(r)], (1)  from the all-electron wave function according to the norm-
conservation criterid!* Then, with the all-electron orbital
where v, is the external potential, generally the potential energiese{”, one can invert the radial Sclimger equation
due to the nucleipe. is the classical Coulomb repulsion o optain the screened pseudopotenti,, the effective

potential between the electrons, is the electron exchange- atomic potential of Eq(2), for the atom at the origin and
correlation potentialp! (p') is the density of the electrons

Il. THEORY

with up (down) spin, andp is the total charge density. In the =Irl,

pseudopotential approach, the external potential and the po- I(1+1) 1 d2 .

tential due to the core electrons are represented by a smooth,  pZ (r)=¢— 5 ~ —ref(nl. @
nonsingular potential;,,, often called the bare-ion potential ’ r rey(r) dr

because it represents the potential of the atom stripped of its . o
valence electrons. The pseudopotential is constructed to be '€ “bare ion”(due to the nucleus and the core electjons
amenable to a plane-wave representation and is designed Rgtential is obtained by unscreening, by subtracting the
yield solutions to the Kohn-Sham equatibribat correctly ~ valence electron repulsion terms

represent the scattering propertigéven by the logarithmic - s v or v, vl

derivative of the wave functionsof the valence electrons. Vioni (N =0% (1) —veel pad 1) 1= vsd pii (1).p5 (1], .
The first pseudopotential implementation of the LSDA by ®)

Zungef® used two distinct ionic pseudopotentials for the up  For the construction of the spin-dependent pseudopoten-
and down spin electrons. However, the most commonly useflg|s, the ionic potentials of, e.g., E() are needed for two

2 : : : : .
form** employs a single bare-ion pseudopotentigf,; for  spin states of the atom: the usual spin-neutral reference po-

each angular.momentum quaptug?(rnumbeihe effective  tential e, and the majority spin potential of a fully-
norm-conservingpseudopotentia & for angular momen-  olarized spin configuration(y;), . Given the spin polariza-
tum| and spino is achieved by adding the screening poten-tion of the fully polarized atonB,(r) we defing?

tial due to the valence electrons and then depends on the spin

only throughv o® (Y =% (r
XC 5U|(r)= |on,I( ) |on,I( ) (6)
ps.oy 2 N oo P PP ﬁat(r)[z_lgat(r)]
Ueff’,l(r):Uion,I(r)+Ue-e[P (r)]+vxc[p (), po ()],
(2 The bare-ion pseudopotentials for a general charge den-
) sity distribution and spin polarizatiog(r) are then
wherep? (p¥'?) represents the totab(spin valence charge
density. | o , Oiont (1) =00 (N +B(N[2= B ]dvi(r),  (7)
For transition metals, this approach typically is used in
connection with the NLC@! The NLCC is designed to over- Ol 51 =000, (1) = B[22+ B(1)1S0,(r).  (8)

come the implicit linearization af . in terms of the core and
valence charge densities, in regions where both densities If, in a self-consistent calculation, the spin densities
have appreciable value. We will discuss the NLCC in morechange from iteration to iteration, the ionic potentials
detail after introducing the necessary variables. (vitni,p) Change with them. Also, the potentials adapt to
Recently, spin-dependent pseudopotentials have beeathanging spin distributions due to different spin configura-
develope® where the bare-ion potentiali,,, depends on tions or environments, implying an improved transferability.
the spin o but is not constant for a given atom, as in The additional termSv; has been shown to be much smaller
Zunger's casé® Rather, the new;,, depends on the envi- than the spin-neutral bare-ion potenti&ﬂm (Ref. 22 and
ronment through the spin polarization can be viewed as a perturbation to the latter.
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It is these pseudopotentials that have been used in the In general, however, the projectors in the potential opera-

investigation of the atomic propertiésHowever, in band  tor 5 constructed according to Eq10) contain Av, 4 that
structure calculations, the use of nonlocal, separable pseudgave an angular dependence of their own through (ES).
potentials in the Kleinman-Bylander foffhcan significantly  pecauseg is not a radial function as in the special case of the
reduce the number of integrals that have to be performed fogtom. In this case, the projectors will no longer have just a
the Calculation Of the pOtential Contl’ibution to the Hamil' Single Spherica' harmonic angu'ar dependence. The real_
tonian matrix. In the nonlocal approach, first a local pseudospace representation of a projector function is

potentialv |, is chosen(see Sec.)l We then define

AUion,l(r):Uion,l(r)_Ulocal(r)- 9 <¢|pr$‘AU|'B|F>: ¢ﬁ$‘(r)Av|‘B(F)Ylm(F) (16)
wherev;on, (1) is given, e.g., by Eq(5). Equivalently, it is _ ps 0 o -
A% (N =050 (N =00eal1) AN Av (1) =ian (1) = im(M) A1) Yim(T)* A1)
_U|Cr |(r)' . - :
FO(;?the spin-dependent pseudopotentials, the potential op- X[2=B(N]fR(r) d8v(NYim(F). (17)

erator is now defined asve are suppressing the index jon The spherical harmoni¥,,,, which is used to project out

A |Av7 PN SRS AVT | the Im component from a wave function applied 4o may
V=0t T £ (10 be distorted in the second term of H47) when 3 deviates
Im <¢Im|AUI,B|¢Im from spherical symmetry. The orthonormality of the spheri-

cal harmonics will then no longer ensure strictly that elach
component will only “see” its appropriate pseudopotential
v . Yet, since|8Av,(r)|<|Av{(r)| in the radial interval
where they are not negligiblsee Fig. 3 of Ref. 22 we have

with |¢fy) an atomic pseudowave function for the spin-
neutral potentialan arbitrary, but reasonable choice, given
that év, is but a small perturbation o:m,o). For the majority
spin (T) and the atom at the origin, we have

0 hoas(1) = 00eal(1) + BIN[2— BT 100 10eal 1), (1D o)~ (Viocas+ Aoy pl S =01 pldf0).  (18)

One aim of this study is to investigate whether this approxi-

fp, . L. .
Viben(T) = Uibcal(") mation diminishes the quality of the results.

ﬁat(r)[z_ﬁat(r)] ’

Av] 4(N)=Avl(r)+B(N[2-B(1)]8Av\(r), (19

OVocall) = (12

B. Nonlinear core correction

The exchange-correlation potential. is a nonlinear

S N function of the density. Since only the valence electrons are
Avf (1)~ Avy(r) (14) treated in pseudopotential calculations, only the valence den-
Bal 12— Balr)]’ sity is readily available for the calculation of.. The v,

due to the core electrons is “included” in the pseudopoten-

tial. This separation means that the potential has been effec-
tively linearized with respect to core and valence density, an
approximation that is problematic in regions of space where

the separate treatment for each angular momentum quantu?r?th dens.mes are of apprec:lable value. 1;0 re”.’edy this prob-
lem Louie et al. introduced the “nonlinear core

numberl [up to anl . Which is the upper limit of the sum S S RS .
overl in Eq.(10)]. In the atomic case, for each spin state, thecorrection, Wh'(.:h is described here. .

. f onto an atomic pseudowave functioaPs In the conventional treatment, the bare ion potentfg|,
operation ofv onto & P Im is constructed from the atomic potential, using the atomic

yields valence densityy,. For the sake of clarity, we will ignore
~ the spin dependence in this subsection. Then the bare poten-
v|(blprrS1>:(UlocaI,B+Avl,ﬁ)|¢Ipr$1>:vl,,8|¢lpr$1 . (15 tial ISF,) acco[r)ding to Eq(5), P
In Eg. (15), the spherical harmonic angular dependence of _ v v
. = - - .
the atomic pseudowave functidely) projects out the re- Vioni (N =0ser) (1) ~ved pa(r)] vl pa(1)]- - (19
spective symmetry contribution from the Kleinman-BylanderThe screened potential,, in a different environmenta
projector |Av) g¢fi). The Av, 4z are radial functions only, different spin state of the atom, in a molecule or Sotidth
leading t0<¢|an1AU|,ﬁ|F>=¢Fnsq(r)AU|,5(r)Y|m(F), where 1 valgnce densityp? is (for the atom at the origin, with
=r/r. It should be noted, however, that Ed.5 does not =r[)
hold exactly for an operation on any functionlof symme-

SAv(r)=

where eachAv term has the appropriate local potential re-
moved.[ The minority spin equivalents of Eq€ll) and(13)
are determined with the signs as in E§).]

For an atomic calculation, this approach is very similar to

— v U
try, ¢'(r)Y,m(r). The cancellation of the normalization fac- Do (N =vioni(M) Fveel p (N1 0xd (M) (20
tor in the denominator of the nonlocal projectors in Ef)) ~ Then, according to this procedure, the total exchange-
depends on the radial part of the function being that of theorrelation potentiab, in the different environment is im-
eigenfunction| ¢f~). plicitly
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T (F)= Uy oS (r)]— VT 4 °(F)1. The justifications for using Eq(28) to calculate the
U1 ={0ad Pl 1)+ pal 1)1 0 a1+ ond )(]21) exchange-correlation potential are different outside and in-

) ) ~ side the core radiusgye. FOrr>r 4., vy due to the total
However, due to the nonlinearity of the exchange-correlatlorzjensit [ ”(F)+ c (r), which agrees with ”(F)
potential, it is the case that y Lp Pat,smooth! ) g P

+padr) in that interva] in the current environment is added
(o, PL(N) + SN = v PO E v d pS(1)]. (22 after the atomic exchange-correlation potential was removed
according to Eq(27). Forr <r e, meanwhile, it is assumed
It means that the term in curly brackets depends on the Vap at 2(r)~ v(F)~0 and thus the exchange-correlation po-
lence configuration used to determing,, according to Eq. Pa P c . 9 . P
(4). This dependence reduces the transferability of the poterf€Ntia! rMuxd paismooif§) ] Subtracted in Eq(27) is added
tial. Additionally, this procedure leads téor simplicity, we ~ Pack. Different choices ofc,e can have a substantial effect

assume here that the core is frozen, i.e., it does not change @f the predicted energies of atoniDifferences in the spin-

a different chemical environment polarization energies can be as large as 7 eV for Mn depend-
ing on the value of ;g c.
ch(r)7&0xc[Pv(r)+Pgt(r)]’ (23) C. Implementation
for all Fexcept those with The spin-dependent pseudopotentials as described in Eq.
(10) have been implemented into the newer vergiasRES)
p(r)=pY(r) (24)  (Ref. 26 of ACREsdeveloped by Modinet al*® Eigenfunc-
tions, charge densities, and potentials are represented on a
or real-space grid that can be adapted so as to give a higher

density of points near the nuclei. The adaptive grid can be
mapped onto a regular grid in curvilinear space, which is
. important for an efficient parallelization of the code. Adapt-
Palr)=0. (26) ability, parallelizability, and the sparsity of the Hamiltonian
matrices due to the real-space representation are the prereg-
isites for efficient electronic structure calculatioR®RES
as been used to study the basic electronic and structural

pa(r)=0 and p*(r)=0, (25)

In the first casdEqg. (24)], two potential contributions are
trivially subtracted and added to cancel exactly, in the latte

two caseqgs. (25 and (26)] the nonlinearity ofuy. does properties of elemental crystalline solids, molecules, and

not affect the resulfsee Eq.(21)]. complex crystalline materials, such as blue bronze and
For a charge distribution in an atom described by pseudo-eoligeszﬁyzg,%/o '

potentials (see Fig. 2 for an examplethe condition ex- z
pressed in Eq(25) is met approximately near the nucleus
[wherepl(r)~p’(r)<p5(r)] and condition(26) is met far
away from the nucleus. However, the error made in the con-
struction ofv,, is noticeable in regions of space where both A. The nickel atom

the vqlence and th? core densi'gy have appreciable value. To test the quality of the pseudopotentials used and the
To improve the situation, Louiet al. suggested the “non-

. Y] : . - . correctness of the implementation of the spin-dependent
linear core correction“* The idea is that in the construction

fthe b . il th h i . pseudopotentials iIHARES, we present results for the Ni
of the bare ion potential, the exchange-correlation potentiaby,m e were seeking to reproduce the results of a program
of the total charge is subtracted from the screened potenti

. ased on the code by Troullier and MartifiiM) (Ref. 11)
rather than the, due to the valence charge only. This then o+ has peen modified to include the spin-dependent
avoids linearization of the,.. Since the core charge is

: > c pseudopotentia®’. The TM program takes the spherical
strongly peaked, so is theydpa(r)+pa(r)]. However,  qymmetry of the atomic problem into account and solves
strongly peaked functions are difficult to represent in a plan%my the radial problem on a one-dimensional grid, whereas
wave basis or on a real-space grid. For this reason, the ionigares solves for the electronic structure on a three-
potential instead is calculated according to dimensional grid on which full cubic symmetry has been

v ; c imposed. Additionally, the TM code uses separate potentials
Vion (1) =0ser) (1) ~Veel pal 1) 1= Uxd PadT) + Patsmooth)]- - for each angular momentum channel and does not use the

(27) Kleinman-Bylander projectors[Eq. (10)]] employed in

HARES. The parameters for the construction of the pseudopo-

G .
hThe (cj:hargte detn"."('jtwﬁtvsm‘g?h agrgetshwnhb the real ?ﬁrz tentials used in this investigation are given in Table I. We
charge densily oulside a raditigye but nas been Smoothed . q cajcylated the eigenvalues and total energies for the

in the interval[ O ol. The radiusr .. should be chosen 4s'3d" 1 and 423d" 2 configurations of the Ni atom
such that the valence charge density is negligible within thi§Nithin the LSDA

radius. The screened potential is then calculated as

III. RESULTS AND DISCUSSION

In Table Il and Fig. 1 we compare the results of the
~ - s o> c pseudopotential calculations executed using the atomic TM
Vsert (1) =0ion1 (1) + 0o p" (N ]+ 0xd p7(1) + Pt smooth!) - code andHARES (and we also show the all-electron reshlts
(28)  To assess the accuracy that can be expected when comparing
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TABLE I. The computational parameters for the atomic calcu-between the TM and thearRes results) The occupied orbital
lations are given in the upper panel. For an explanation of thesigenenergies agree to within 0.14 eV between the TM and
HARES parameters, see Ref. 25. The inverse Jacobiald$ dfe  the HaRES calculations. The energies of the unoccupjed
given at the site of the atom and give a combined inverse Jacoblagtates differ by up to 0.19 eV. Moving to the spin-dependent
of 64.0. The pseudopotential parameters are given in the lowef)seudopotentials now. the maximum differences between the
panel.r., are the radii beyond which the pseudowave function is tOTM tomi d GHA’RES <0.16 eV for th ied
coincide with the all-electron wave function. PZ refers to Perdew atomic code an are ) ev forthe occupie
and Zunger, LSDA is the local spin density approximation, aad and <_O.2C_) eV for the unoccupied states. Not.e there are sys-

tematic differences, such as tlpestates consistently being

is the core radius for the nonlinear core correction. e d > >
too high in energyin HARES) for all cases studied.

Box size (16 a.ud The total energy difference¢Table Il) between the
Grid size(HARES) 80X 80x80 4s'3d"" 1 and 423d" 2 configurations in the TM and the
Global backdrogHARES) Size: (5 a.uj, 1/J|=2.0° HARES calculations are reproduced to within 30 meV in both
Local adaptatior(HARES) 1/3|=8.0, k=1.0 a.u. the spin-neutral and the spin-dependent cases. In the latter
Exchange-correlation potential RRef. 14 (LSDA) case, the result is considerably improved with respect to the
Atom Fe Co Ni all-electron valugwithin 10 meV).

These observations show that the implementation is cor-
res (a.u.) 2.26 2.18 2.10 rect and that the use of the Kleinman-Bylander operator is
rep (au.) 3.05 2.98 291 justified in the atomic case. Residual errors are due to nu-
req (au.) 2.00 2.18 2.08 merical imprecision. Figure 1 also shows that the use of the
I eore (A.U.) 0.60 spin-dependent pseudopotentials improves the agreement

with the all-electron orbital energies considerably compared

to the conventional spin-neutral pseudopotentials, as found
the results from the two very different codes, the values fopreviously??

the conventional spin-neutral potential are compared first. These calculations were done without a NLCC, since the

(At this point we are not primarily concerned with the com- primary aim here is to compare results between the atomic
parison with the all-electron results, which differ signifi- code and the three-dimensional real-space program. For
cantly, especially for thel states. Rather, the comparison is some bulk calculations of Ni, the NLCC was used, and the

TABLE II. Comparison of all-electron to pseudopotential DFT calculations of propéuiital energies,
total energies, and state splittinge = E,(45°3d®) — E,(4s*3d°)]. Energies in eV. AE: all-electron, SN:
spin-neutral pseudopotential, SD: spin-dependent pseudopotential calculations, TM: atomic Troullier-Martins
code(Ref. 11), HARES: HARES code(Ref. 2. These orbital energies are displayed graphically in Fig. 1.

4s23d8
nl S occ. AE - TM SN -TM SN -HARES SD-T™M SD -HARES
4s T 1 -5.89 -5.92 -5.90 -5.89 -5.86
4s | 1 -5.58 -5.56 -5.55 -5.58 -5.55
4p ) 0 -1.43 -1.43 -1.32 -1.43 -1.31
4p 1 0 -1.32 -1.33 -1.20 -1.33 -1.20
3d ) 5 -10.31 -10.80 -10.80 -10.31 -10.24
3d 1 3 -8.47 -7.86 -7.85 -8.45 -8.39
Eiot -40952.28 -948.71 -948.82 -948.15 -948.26

4s13d°
nl S occ. AE - T™M SN -TM SN -HARES SD -T™M SD - HARES
4s 1 1 -4.91 -4.92 -4.98 -4.92 -4.96
4s | 0 -4.03 -4.03 -4.09 -4.01 -4.07
4p ) 0 -1.05 -1.06 -0.952 -1.06 -0.952
4p 1 0 -0.517 -0.544 -0.354 -0.530 -0.326
3d i 5 -5.45 -5.48 -5.62 -5.22 -5.29
3d l 4 -4.46 -4.00 -4.12 -4.28 -4.37
Eot -40953.84 -949.74 -949.82 -949.62 -949.72
AE 1.56 1.03 1.00 1.47 1.46
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2., ,8 19 6 . . . .
4s’ 3d 4s' 3d .
< - B .
Spin-neutral PP Spin-neutral PP N AE — core charge density .
0 T T T 0 : - 5+ \\ --------- Pseudo valence charge density
% ® b X X X \\ ---- Pscore charge -1 =1.1 a.u.
-2 F 1 2 F . \ ——= Pscore charge —r_ =0.6 a.u.
= 4
~ 4T 1 -4 (o) O s
E § X X ?
S sl 8 2 %] LB °8 ol %o
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& o o <4 minority g
-8 r o) 1 -8 Adp majority 7 & 2
V 4p minority
~10 F o . ~10 + 0 3d majority 4
[m] O O3d minority
-12 L L L —12 I I L 1
AE-TM PP-TM PP-HARES AE-TM PP-TM PP-HARES
0 nper™” L | | L Prpanttee =
Spin—dependent PP Spin—dependent PP 00 02 04 06 08 10 12 14 16 18 20
0 T T T 0 \v/ Radius (a.u.)
B & ¢ X X A L .
-2+ . 2 . FIG. 2. The charge density distribution in the Ni atom. The
all-electron(AE) core charge density is shown by a solid line; the
o —4r 1 =1 8 8 8 1 pseudo valence density is depicted by a dotted line. PséRgo
) o 9 o P ai o core charge distributions for the nonlinear core correction are
@ 6 1 °r 1 shown for two cutoff radiir .oe: 1.1 and 0.6 a.u.
E 8 8
I o o) o ] T ) . L .
parable size. The reason lies in the large cutoff radius for the
-0+ 4 O o 1 -0 1 d orbital, which is necessary to achieve a smooth norm-
conserving pseudopotential.

-12
AE-TM PP-TM PP-HARES AE-TM PP-TM PP-HARES

FIG. 1. Orbital energies for thesd3d® and 4'3d° configura- B. Crystal results
tions of the Ni atom calculated with an all-electron atomic code The spin-dependent pseudopoten?%&re expected to be
(AE-TM), a pseudopotential atomic cod@P-TM) and an adaptive  mgst important for the magnetic transition metals Fe, Co,
coordinate real space prografRP+HARES). Calculations are pre- gnd Ni. To evaluate the effect of the spin-dependent pseudo-
sented for spin-neutral and spin-dependent pseudopotentials. T'ﬂfotentials on the properties of these magnetic materials, we
aim here is to show that the implementation of the spin-dependerﬁa\/e calculated the bulk lattice constantoulk modulusB,
rea"s.pace KIeinman-ByIa_mder approd@iPHARES) reproduces th‘? and magnetic momeril (also called the saturation magne-
atomic results(PP-TM with the same accuracy as for the spin- tization) within the LSDA, using the exchange-correlation

neutral pseudopotential. The results also show the improvement i . .
P po P functional as parametrized by Perdew and Zurigérhe
the orbital energies—compared to the all-electron results—when

the spin-dependent pseudopotential is switched on for both configuqompUtatlomle parameters are given in Table (Conver-

rations. In the panel for thesA3d® configuration calculated with gence tests showed that the resolution of the grid and the

spin-neutral pseudopotentials, the @nd 3 minority symbols lie  number ofk points were sufficient.The results were calcu-

on top of each other. For the numeric values, see Table II. lated with the spin-neutral and the spin-dependent pseudopo-
tentials described in Table | without using a NLCC. The

choice of the radius .. within which the real core charge computational effort for the spin-dependent pseudopotential

density is replaced by the smoother partial density is illus-

trated in Fig. 2. The aim is to choosg,. as small as pos- TABLE lll. The computational parameters for bulk calculations.

sible so as to describe the core charge density correctly in theor an explanation of theares adaptation parameters, see Ref. 25.

region where the valence charge density is not negligible. AThe lattice constana refers to the conventional cubic cell, 1BZ

the same timer ., may not be too small because then thestands for the irreducible part of the Brillouin zone, PZ is Perdew

representation of the strongly peaked core charge will b@nd Zunger.

difficult for, e.g., plane-wave or real-space grid methods such

asHARES. For that reason, in the case shown in Fig. 2, theJnit cell Conventional cubic cell
choice wasr .,«=0.6 a.u. A simple formula that calculates Atoms per unit cell fcc: 4, bec: 2
the core radius as half the sum of the cutoff radius and th&ox size a®

radius to the first nod@ would giver .o 0f 1.04 a.u. in the Grid size 40<40x40

case of Ni. Figure 2 shows that such a radius,f No.k points in IBZ 20

=1.1 a.u.) is much too large for the current case: The cor@ocal adaptation 13|=8.0, k=0.9 a.u.
charge is misrepresented very strongly in the region whergxchange-correlation potential RRef. 14 (LSDA)

core charge density and valence charge density are of com
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FIG. 4. The upper panel shows the total energy per dfRyhat
FIG. 3. The upper panel shows the total energy per dRynat  different lattice constants for Co calculated with spin-neutral and
different lattice constants for spin-neutral and spin-dependenpin-dependent pseudopotentials. In the lower panel, the magnetic
pseudopotentials for Fe. In the lower panel, the magnetic momenhoment per atom is displayed for the spin-neutral and the spin-
per atom is displayed for the spin-neutral and the spin-dependerfependent pseudopotentials. All results were calculated using the
pseudopotentials. For comparison, all-electron full-potential KKR|_SpA with the exchange-correlation potential parametrized by Per-
DFT-LSDA results are also show(Ref. 31. All results were cal-  dew and ZungefRef. 14. The experimental lattice constant is in-

culated using the LSDA with the exchange-correlation potential pagicated by the vertical line and the experimental magnetic moment
rametrized by Perdew and Zung@&ef. 14. The experimental lat-  per atom(Ref. 36 by an asterisk.

tice constant is indicated by the vertical line and the experimental
magnetic moment per atotRef. 3§ by an asterisk. dependent pseudopotentials, as would be expected for an
LDA calculation(needless to say, this is not a very satisfac-
calculations did not increase noticeably compared with theéory approach for an db initioc” method). Our reasoning
equivalent spin-neutral ones. here is to set up a pseudopotential that will yield correct
The dependence of the total energy and the magnetic mghysics with regard to the lattice constant, and then to deter-
ment on the lattice constant for bcc Fe, fcc Co, and fcc Ni ismine the magnetic moment for this pseudopotential.
displayed in Figs. 3, 4, and 5, respectively. For comparison For the spin-dependent pseudopotentials, we find equilib-
purposes, we also show all-electron full-potential Korringa-rium lattice constants that are within the range given by ei-
Kohn-Rostoker (KKR) DFT-LSDA results’® which were ther all-electron or ultrasoft pseudopotential methods. As
available for Fe and Ni. The properties derived from theseshown in Table 1V, for Fe, the spin-dependent pseudopoten-
curves(bulk lattice constant, the bulk modulus and the mag-tials yield a lattice constant of 5.35 a.u., which is less than
netic moment at the LSDA equilibrium lattice constaate  the experimental value of 5.42 a.u. but closer than the all-
given in Tables IV, V, and VI and compared to the experi-electron(5.20 a.u). and the USPP with NLCC resu(b.22
mental and other theoretical values. The experimental maga.u). For Co, the spin-dependent result is 6.56 a.u., which is
netic moment per atom is the figure extrapolated to 0 K. Théoelow the experimental value of 6.70 a.u. but close to the
lattice constant and bulk modulus have been measured atl-electron result of 6.54 a.u. and the USPP with NLCC with
room temperature, but the values@K should differ only  6.52 a.u., see Table V. The Ni lattice constant obtained with
slightly since their coefficients of thermal expansion arespin-dependent pseudopotentials of 6.57 a.u. is below the
small. experimental value of 6.66 a.u., but closer than the all-
The pseudopotential parameters were chosen so as &bectron results of 6.46 a.u. and the value obtained by the
yield correct lattice constants and reasonable bulk moduli USPP with NLCC of 6.48 a.u., see Table VI. These results
B for the spin-dependent pseudopotential result. In particulaisuggest we choose an adequate set of pseudopotential param-
the cutoff radius for thel potential was chosen so as to give eters. Comparing the lattice constants obtained with the spin-
a lattice constant that is slightly too small for the spin-neutral reference pseudopotential, we find Ni basically un-
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changed, while Fe and Co differ significantly: Iron is most
& —BE HARES: spin—neutral PP H H i S

HARES. :E;E_gz;;:dempp dramayc—lts Iatt_|ce constant is mcrease_d by 4.5% to 5.59

i a.u. with the spin-neutral pseudopotential, well above the

experimental value of 5.42 a.u.; for fcc Co, the change is

= -70.255 1
€ E from 6.56 to 6.66 a.u., which is still smaller than the experi-
j‘g; o mental result(A different choice of parameters could have
= “\\ -7 provided the same lattice constant for the spin-neutral
& s prad pseudopotential—but have changed the magnetic properties
- S ”’/,—EI/ negligibly.)
= The bulk moduli are virtually identical whether calculated
70,265 with the spin-dependent or the spin-neutral pseudopotentials
(the changes in the modulus are on the order of.2B6r Fe,
08 | — B is nearly three times the experimental value and about
- P i A A twice what the all-electron and USPP methods yield. We
g“ //,/*/ decided not to adjust the pseudopotential further for the pur-
£ o7l O —G HARES: spin-neutral PP | poses of this vyork. In Co and Ni, we obtain bulk moduli
E ©—OHARES: spin-dependent PP closer to experiment than the other methods throughout.
k2 ©-OFPLSDAKKR (Asato ctl.) C Comparing the magnetic moment per atom calculated
- S PR-Sc _ paring g b
s S-S —o i with the spin-dependent pseudopotentials for the three crys-
06 | I tals, we note that in Fe our result (228 is markedly
—————— | closer to the experimental value (Zg) than the value ob-
o o5 Py Py P tained by all-electron methods (1,28) or the USPP with
Lattice constant (a..) NLCC (2.05«g). In Co, our result (1.58g) is in between

the all-electron value (1.62;) and the USPP with NLCC
FIG. 5. The upper panel shows the total energy per afynat §1.52/¢B), all of which are smaller than the measuédof

different lattice constants for spin-neutral and spin-dependen 7545 . In Ni, the spin-dependent pseudopotential (@.5)
. B- y -

pseudopotentials for Ni. In the lower panel, the magnetic moment . . .
per atom is displayed for the spin-neutral and the spin-depende t'e'dS virwally the same result as the USPP W',th NLCC
pseudopotentials. For comparison, all-electron full-potential 0.59g) whereas the all-electron result agrees with the ex-

KKR DFT-LSDA results are also showfRef. 3). All results  Perimental one (0.62z). So, generally, the theoretical mag-

were calculated using the LSDA with the exchange-correlationn€tic moments tend to be slightly too small compared with

potential parametrized by Perdew and Zund®ef. 14. The experiment and the spin-dependent results do as well as, and

experimental lattice constant is indicated by the vertical linesometimes better than, other highly accurate methods.

and the experimental magnetic moment per at&ef. 36 by an Considerable changes are seen in the magnetic moment

asterisk. depending on whether the spin-dependent potential is turned
on, see Fig. 6. The spin-neutral calculations yield magnetic

TABLE IV. Equilibrium values for the lattice constaat the bulk modulud3, and the magnetic moment
per atomM of bcc Fe calculated by different methods. Also given are the measured values. All calculations
were performed within the local spin density approximation to density functional theory using the exchange-
correlation potential according to Perdew and Zur§f. 14, except for the all-electron calculations which
used different parametrizations. The full-potential Korringa-Kohn-Rostgkér KKR) and full-potential
linear augmented plane wayELAPW) methods are all-electron DFT approaches. The abbreviations are
NLCC: nonlinear core correction, SN: spin-neutral, PP: pseudopotential, SD: spin-dependent, LAPW: linear
augmented plane wave, FC: full core, USPP: ultrasoft pseudopotentialsiARiEs calculations by Wagh-
mare et al. (Ref. 26 used a different pseudopotential than the one used here. The magnetic moment is
derived by interpolation for the predicted equilibrium lattice constant at each level of theory.

a B M
Method NLCC (a.u) (GPa (mg) Source
Experiment n/a 5.42 167 2.2 (Refs. 34—-3b
FP KKR/FLAPW n/a 5.26:0.02 250-9 1.98 (Ref. 31
HARES SN PP no 5.59 432 3.04 This work
HARES SD PP no 5.35 444 2.28 This work
HARES (Ref. 26 yes 5.29 201 2.06 (Ref. 26
LAPW PP yes(FC) 5.22 226 2.22 (Ref. 20
USPP yes 5.22 235 2.05 (Ref. 18
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TABLE V. Equilibrium lattice constang, bulk modulusB, and  pseudopotentials finds no change in the lattice con$é6g
magnetic moment per atoi of fcc Co from experiment and cal- a.u) and a small increase in the bulk modul@@87 to 243
culated by different DFT-LSDA methods. For the abbreviations, seeaGPa, by incorporating the NLCC. Both calculations agree
Table IV; LMTO stands for the linear muffin tin orbitéRef. 23  about the decrease in the magnetic moment due to NLCC:
all-electron DFT technique. All pseudopotenti&@P calculations Cho and Kang find a decrease from 0.78 to .6 we see
were done using the exchange-correlation potential according tg change from 0.77 to 0.5% . The results using the NLCC

Perdew and ZungeRef. 14. yield magnetic moments practically identical to the results
achieved with the spin-dependent pseudopotentials. Using
a B M the spin-dependent rather than the spin-neutral pseudopoten-
Method NLCC (au) (GPa (ue) Source tials in combination with the NLCC makes hardly any dif-
Experiment ~ nla 670 187 175(Refs. 34,36,3y  ference in the bulk results for Ni. _
LMTO n/a 654 255 162  (Ref. 38 The results show conclusively that in all cases the spin-

dependent pseudopotentials reduce the magnetic moment
considerably, generally bringing the result closer to the ex-
perimental value. This effect was observed to be independent
of the quality of the pseudopotential. Even for pseudopoten-
tials created with parameters that did not yield a lattice con-
stant close to the experimental result, the effect of switching
on the spin dependence was similar to the one demonstrated
moments for all three substances that are overestimatetiere, with the values d¥l and their changes very similar to
while the spin-dependent pseudopotentials reddiam®nsid-  the results presented. The magnetic moments obtained with
erably. In Fe and Co, the spin-dependent results are consithe spin-dependent pseudopotentials are of a quality similar,
erably closer to the experimental value than the spin-neutrah some cases better, to that of the other pseudopotential
values. In Co, the deviation dfl from experiment is about methods employing the NLCC.
the same for either spin-dependent or spin-neutral pseudopo- The use of the spin-dependent pseudopotentials yields
tentials. Figure 6 also shows that the magnetic moment fosimilar results regarding the magnetic moment as the appli-
Fe and Co are closer to the experiment than those calculategtion of the NLCC, even though both approaches are very
with the USPP, while the results from spin-dependent andlifferent in nature. The spin-dependent pseudopotentials op-
ultrasoft pseudopotentials are almost the same for Ni, withimize the ionic pseudopotentials for the valence spin charge
the USPP yielding slightly better results. densities, whereas the NLCC takes into account the core
Comparing the spin-neutralARESs results for Ni with and  charge and the nonlinearity of the exchange-correlation po-
without NLCC shows that the NLCC yields a slightly larger tential. In contrast to the spin-dependent pseudopotentials,
lattice constantit goes from 6.59 to 6.66 ajuand a signifi- the NLCC introduces an additional parameter. Additionally,
cant increase in the bulk modulygom 209 to 261 GPa the need for an improved representation for the core density
away from the experimental value. A plane-wave DFT-LSDArequires considerably higher computational effort for a cal-
calculation by Cho and Karlg using norm-conserving culation employing the NLCC.

HARES SN PP no 6.66 219 1.92 This work
HARES SD PP no 6.56 221 1.58 This work
LAPW PP yes(FC) 6.51 237 1.49 (Ref. 20
USPP yes 6.52 242 152 (Ref. 18

TABLE VI. Equilibrium lattice constang, bulk modulusB, and magnetic moment per atdvhof fcc Ni
from experiment and calculated by different DFT-LSDA methods. For the abbreviations, see Table IV. All
pseudopotentiaPP calculations were done with the exchange-correlation potential according to Perdew and
Zunger(Ref. 19.

a B M
Method NLCC (a.u) (GPa (ug) Source
Experiment n/a 6.66 184 0.62 (Refs. 34-3p
FP KKR/FLAPW n/a 6.46 2542 0.62 (Ref. 31
HARES SN PP no 6.59 209 0.77 This work
HARES SD PP no 6.57 208 0.57 This work
HARES SN PP yes 6.66 261 0.57 This work
HARES SD PP yes 6.66 260 0.58 This work
HARES (Ref. 26 yes 6.58 248 0.57 (Ref. 26
LAPW PP yes(FC) 6.50 239 0.60 (Ref. 20
USPP yes 6.48 255 0.59 (Ref. 18
Norm-conserving PP no 6.62 237 0.78 (Ref. 32
Norm-conserving PP yes 6.62 243 0.66 (Ref. 32
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o quires. These results not only indicate that the spin-
L | i

! I ---- Spin-neutral pseudopotentials dependent pseudopotentials work in a bulk environment but
' | ——- Spin—dependent pseudopotentials also that the generalized Kleinman-Bylander form, which in-
' : Experiment cludes the nonspherical spin polarizatjeee Eq(10)], does

1 [}

_________ — - Ultrasoft pseudopotential not adversely affect the description of the physical proper-
with non-linear core correction

ties. Using the NLCC for spin-neutral pseudopotentials
[m======-----3 yields about the same improvement in the magnetic moment
as the use of spin-dependent pseudopotentials. The NLCC,
F= == however, in contrast to the spin-dependent pseudopotentials,
comes at the cost of fitting an additional parameter. Thus, the
spin-dependent pseudopotential approach provides an accu-
rate description of bulk properties with a minimum number
of adjustable parameters. The cost of this increaseahb “
initio-ness,” however, is the harder nature of the norm-
conserving pseudopotentials. These potentials will provide a
0 useful alternative in cases where fitting satisfactory ultrasoft
Fe Co Ni pse_udopot_entials and_ core charges fqr the NLC(; beco_mes
tedious, difficult or simply unaesthetic. Introducing spin-
FIG. 6. The magnetic moment per atom calculated using spindependence would be a way to avoid the arbitrariness of the
neutral and spin-dependent pseudopotentials for Fe, Co, and NNLCC for the computationally advantageous ultrasoft
The results are compared to the experimental valRe$. 36 and pseudopotential?.
magnetic moments from ultrasoft pseudopotential calculations
(Ref. 18. ACKNOWLEDGMENTS
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