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Ultrasoft pseudopotentials applied to magnetic Fe, Co, and Ni: From atoms to solids

E. G. Moroni, G. Kresse, and J. Hafner
Institut fir Theoretische Physik, Technische Univettsitéien, Wiedner Hauptstrasse 8-10/136, A-1040 Wien, Austria

J. Furthmiler
Institut fir Festkapertheorie und Theoretische Optik, Friedrich-Schiller-Universitana, Max-Wien-Platz 1, D-07743 Jena, Germany
(Received 4 June 1997

We present a study of the accuracy, transferability, and plane-wave convergence properties of ultrasoft
Vanderbilt-type pseudopotentials for Fe, Co, and Ni in the context of atomic, molecular, and solid calculations.
Special attention has been given to the magnetic properties of these systems. To go beyond the local-spin-
density-approximation, generalized gradient approximations for the exchange-correlation functional have been
included. All calculations have been performed using a plane-wave basis set, and we show that ultrasoft
pseudopotentials allow — as expected — for a considerably lower cutoff energy than standard soft norm-
conserving pseudopotentials. Lattice properties show very good agreement with all-electron calculations and
experiment, while larger discrepancies exist for magnetic structural energy diffefgriies however remain
smaller than 2 mRy/atomThese differences can be traced back to the frozen core approximation which is
implicitly assumed in the construction of the pseudopotentials. More accurate results for the magnetization
energies of atomic configurations can be obtained by treating phese3nicore states as valence states.
[S0163-18207)01347-1

[. INTRODUCTION the charge densities calculated from the all-electron and
pseudo-orbitals is described in terms of a small number of
During the past decade the developmengbfinitio mo-  localized augmentations functions. This allows us to con-
lecular dynamics(MD) method$™® within the density- struct extremely soft pseudo wavefunctions requiring only a
functional local-density approximation has lead to a signifi-very low cutoff energy, usuallf.,; can be as low as 20-25
cant improvement in the understanding of material propertieRy 2% (b) The freedom gained by relaxing the norm-
on an atomistic level and of temperature and time-dependemonservation constraint is used to fit the scattering properties
phenomena. However, applications to systems containingf the all-electron functions not only at one, but at two or
transition metals remain rar@and, in particular, n@ab initto  more reference energies spanning the entire width of the va-
MD studies for extended magnetic systems have been pulence band. This allows perfect control of the accuracy and
lished to date. Furthermore, for many syste(es., inter- transferability of the ultrasoft pseudopotentials.
metallic compounds for permanent magnets or soft magnetic USPP’s have been implementedah initio MD codes by
alloys) the complex interplay of the structural and magneticLaasoneret al*® and Kresse and Hafreand applied suc-
degrees of freedom offers a challenging as well as promisingessfully to the calculations of phonon-dispersion relations
field of application ofab initio MD techniques. of crystalline transition metal¥, to the study of the proper-
The reasons that have lead to this situations are, howeveties and reactions at transition metal surfaCeand to the
quite clear: with a few exception§e.g., the projector- simulations of liquid transition metafs»'® However, to our
augmented wavéPAW) method of Blahl®] the most effi-  knowledge no attempt has been made to use USPP’s for the
cientab initio MD methods work in a plane-wave basis and investigation of the magnetic properties of transition metals.
use pseudopotentials to describe the electron-ioidence, one of the aims of the present work will be the as-
interaction>"® For spbonded metals and for the semicon- sessment of the accuracy, transferability, and convergence
ducting elements the cutoff ener@y,,; (i.e., the highest ki- properties of USPP for magnetic systems, ranging from the
netic energy of a plane wave included in the basi}isedf  free atoms over clusters and monolayers to the crystalline
the order ofE.; < 20 Ry, corresponding to a basis of about metals. For magnetic systems, the problem of the transfer-
100 plane waves per atom. Although during the past decadability of a pseudopotential acquires even a new facet be-
many attempts have been made to optimize the plane-wavguse a potential constructed for an atofaied usually non-
convergence of state-of-the-art normconservingmagnetig reference configuration will be used to perform
pseudopotentials;*! for transition metals the lower limit to calculations for nonmagnetic, ferromagnetic, and antiferro-
the cutoff energy are dE.;; = 50 Ry, resulting in basis sets magnetic crystalline phases.
of at least 400 plane waves per atoms. While the correct prediction of the magnetic moments is
The ultrasoft pseudopotenti@USPB first proposed by usually considered to be one of the major successes of local
Vanderbilt? offers a possibility to resolve the problem of spin-density’~*°(LSD) theory, one also has to remain aware
plane-wave convergence even for transition metals. Vandeof its limitations. In general, these limitations result in the
bilt innovations consist of two fundamental stega) the  well-known “overbinding” trend manifested in many LSD
norm-conservation constraint is relaxed and the difference igalculations: equilibrium lattice constant in solids are under-
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estimated, cohesive energies and bulk moduli are overestinagnetic properties for the solid metallic phases of Fe, Co,
mated compared to the experimental reference values. In syand Ni are given in Sec. VI, together with detailed compari-
tems showing strong magnetovolume effe@sch as, e.g., son with the most accurate all-electron calculations. Final
Fe) this can lead to dramatic effects: for the solid phase of Féemarks are contained in Sec. VII.

the ground state is predicted to be nonmagnetic hexagonal-

close-packed instead of ferromagnetic body-centered-cubic. Il. METHOD

These well-known limitations of the LSD have motivated In thi i d ibe briefly th in feat fh
a continuous effort to improve the exchange-correlation n this section we describe brielly the main features ot the

(XC) functional within the framework of generalized gradi- ultrasoft pseudopotentials and of the method of calculation.

ent approximatiorfS (GGA’s) to density functional theory )

(DFT). The success of GGA’s derives from their ability to A. Ultrasoft pseudopotentials

correct many of the limitations of the LSD without increas-  The ultrasoft Vanderbilt pseudopotentials used in this
ing the computational cost significantly. Recently, Perdewwork have been constructed in a very similar way as de-
and Wang" have presented a unified real-space-cutoff conscribed by two of us in Ref. 8. The starting point is the
struction of a GGA for exchange and correlatidPW91,  construction of a very smooth non-normconserving pseudo
which shares several properties with the exact XGyave functiongY® for all required channels (defined for
functional?®> Many calculations on atoms, molecules, andeach set of guantum numbend, at one or two reference
solids have shown that the GGA improves the predictions ognergies, i.e., v=nle) satisfying the minimum requirement
cohesive energy and other bulk properties. The ground stai peing continuous and continuously differentiable at a
of Fe is a nice example where the GGA corrects a qualitararge cutoff radius Iér Following Rappe, Rabe, Kaxiras, and

tively wrong prediction of the LSB>%* For materials and Joannopouldd (RRKJ) we expand the pseudo wave func-
properties where the LSD is already a very good approximag,ng jnside the cutoff radii'(,rin terms of a linear combina-
tion the GGA tends to overcorrect the LSD erfor. tion of spherical Bessel functions

e ’

The necessity to include nonlocal corrections to th
exchange-correlation functional also reflects on the construc- n
tion of the pseudopotentials. In this work, we use the same ¢‘js(r)=2 a; 1 ji(qir), r<r'c7 0
approximation for the exchange-correlation functional in the i=1
generation of the pseudopotential and in its various applica- . I .
tions. Another difficulty arises from the fact that in pseSdo-W'th the&i andg chlosgn such that the logarithmic derlva-
potential calculations, the total charge density is subdivide(ﬁ'v_e of d’v_ agrees "_"IF with the all-electron v_alue. To satisfy
into core and valence contributions. Since the exchangdliS condition a minimal set of two spherical Bessel func-

correlation functional is nonlinear, this leads to inaccuracieg";nS iair) 'i sufficient if no norm conhservo?tlo? 1S |Imposed.
in computing the valence core interactions that have to bd N€S€ wave functions are very smooth and only a low energy

corrected by applying nonlinear core correctionscumﬁ is re_quired to descr_ibe them accurately With_ a plane-
(NLCC’s).?® Besides, NLCC's are also of particular impor- wave basis set. In practice, the Fe, Co, and Ni ultrasoft.
tance in magnetic applicatiof?’s?® because the spin density psiaud7opot<int|%ls have Peegn generated for the nonmagnetic
(which is equal to the density of magnetic momeigsmore =~ 45 3d°, 4s F’d , and 4°3d” atomic configurations, with
localized around the atomic core than the charge densinfutoff radiir =2.2,2.45,2.45 a.u. for thesd4p, and 3 US
Finally, the frozen core approximation for the 3hell may ~ wave functions, respectively. For each angular momeritum
be a problem in certain application fod3netals, especially two projectors were used with reference energies spanning a
for those with a less than half filled shell. Among the Wwidth of approximately 1-2 Ry.
magnetic 3 metals, Fe is a boundary case: the broadening Ultrasoft separable pseudopotentials can be constructed
of the 3p levels into a band can become important underffom these wave functions using Vanderbilt's schefe’®
pressure. Hence, we also have to test corrections arising froRifferently to the the work of Vanderbiit we “pseudize”
treating the P “semicore” electrons as valence electrons. the augmentation function®,,(r) by expressing them in
The organization of the article is as follows. In Sec. Il we terms of norm-conserving pseudo wave functiqﬂ}%ﬁ con-
briefly describe the computational method and the propertiestructed with an augmentation radida$Jg much smaller than
of the ultrasoft pseudopotentials. Results of transferabilityr'c,
tests and computational details are also presented. Section
describes all-electron and pseudopotential calculations for at- Q,u(N=)Ar)* )1 — do(r)* ph(r). 2
oms. We show that although the USPP results for the spin
polarized atoms share the shortcomings of other LSD calcul© satisfy the requirements of normconservation and the
lations (absence of multiplet structure, etcthey are as ac- continuity of the first two derivatives of the norm-conserving
curate as all-electron LSD calculations. In Sec. IV we dis-Pseudo wave function at,,, a minimum of three spherical
cuss the comparison of our USPP results for the properties d#essel functions is needed in the expansiee Eq(1)]. For
dimers with all-electron calculations. The magnetic effectshe normconserving wave functions the augmentation radii
for different multiplets are also outlined. In Sec. V we dis- r'aug=2.2, 2.2, and 1.9 a.u. were chosen.
cuss the applications of USPP to hexagonal and squared The use of spherical Bessel functions to represent the
monolayers of Fe, Co, and Ni, comparing with available full-wave functions allows a simple estimate of the required en-
potential linear augmented plane-waeLAPW) calcula- ergy cutoffs. For the studied systems, an energy cutoff of
tions. Results of computation of structural, electronic andEc,=7%2%(1.3%ma) 2/ (2Me), Wheregmay is the maximumy;
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FIG. 1. Logarithmic derivatives at=2.2 a.u. for thes, p, d, andf states of Fe, Co, and Ni atom. Solid lines: results of all-electron
calculations. Dashed line: results using the ultrasoft pseudopotential without semicore states.

used in the expansion of the US wave functions guaranteeduding the 3 semicore states as valence states. In this case
an absolute energy convergence around 5 meV/electron, aride cutoff radii of the pseudo wave function were reduced to
Eci=%2(1.150ma0 2/ (2M,e) an accuracy around 50 meV/ 1.9 a.u. and for a converged total energy the cutoff energy
electron. The quality of plane-wave calculations decays veryor the plane-wave expansions must be around 400 eV. This
rapidly if the cutoff is reduced below ,=%2g3,/(2M,). USPP gives a better transferability for high-pressure proper-
This convergence criterion predicts that a cutoff around 250ies of the solichcp phase of FéRef. 31 and also for spin

eV (18 Ry) is required to obtain an accuracy of 5 meV/ polarization properties in atoms and solids.

electron. The plane-wave cutoff for a norm-conserving

pseudopotential with theamequality would be around 700 1. Transferability and convergence tests

eV (50 Ry) (but even in that case twoh channels would be . T .
required to get a similar accuracy as for the US pseudopof-0 r':t'hgeurAeElaSnr:jovl\J/SS tag\:g%:t;irglncsdfg:'\gt":\;iistri Zésae'lgf
tentia). Similar cutoffs for norm-conserving PP were re- . ) .
ported by other authorS. This means that a calculation with Fe, Co, and Ni. As can be seen from Fig. 1 the scattering

: : roperti f th wave function are ver rate n
a norm-conserving pseudopotential would need an approxf—) operties of the pseudo wave function are very accurate not

mately 4 times larger basis set, making calculations signiﬁ—only for the|=0-2 components but also_ for the unbound
=3 (f state$ over a wide range of energies.

cantly more expensive than with the US pseudopotential. c tests for total q i
The average number of basis functions for the US pseudo- onvergence tests for total energy ahd magnetic proper-

potential is around 70—-100 plane waves per atom, allowin |hes Ofl'l;eﬁ Co, tz)and Ni |nf atomds, dl_mert?], rrll_osnslayzrtsr,] aré;delz
simulations for up to 50—100 atoms on inexpensive worksta; € solid have been periormed using the and the .
tions. functionals. Here we have chosen to show tests for the solid

Considerable care has also been taken in the constructiocwly' F%urcfe tﬁ d|splaysche conve;genqe of fthetrc]:or;eswe en-
of the local PPV,,.. The importance of higher angular com- ergy and of the magnetic moment agaifig, for the ferro-

ponents is often overlooked in the context of PP calcuIationsir,“""?\]n.(':'t'c.(':'\/lt)han((sj gzn)r(ng?netlt(.i\lM? pThases of bccthFe ar;]d
althought the inclusion of states can change the volume cc Nusing the ~ functional. 10 compare the cone-
considerably. A convenient choice for the local potential is>'Ve Energies with experiment one should also add the atomic

usually a “truncated” AE potential. In this study, we replace Zﬁler:rgpi(ejlsagﬁgurﬁZQiZ%Lg%olrtngﬁPs ?:r ggfhni\llt\qegntglil\(/lzophhe;s“éi
the AE potential inside the cutoff radiug,= 1.7 a.u. by converge around 250 eV. At this cutoff structural energy
differences are converged within 1 meV and the error in the
for r<rpe, ©) magnetic moment is smaller than Ogl. By increasinge.,

to 300 eV the absolute error in the total energy becomes

' L smaller than 1 meV/atom.
whereq,,. andA are chosen so that the first derivative of the

potential is continuous. If,,. is chosen sufficiently small a
very accurate description of thie states can be achieved.
Another possible choice for the local potential is a pseudo- To describe the valence core energy interaction accurately
potential constructed for thé states. But this potential is the nonlinear core correctiofNLCC) scheme proposed by
often so attractive, that ghost states in ¢har p components  Louie, Froyen, and Cohéhhas been used. The main idea of
cannot be avoidet. this approach is to compute the XC enelfgy. seen by the

To complement our study for Fe we have also generatedlalence electrons using the total rather than the valence
an USPP in the 8%4s'3d’ nonmagnetic configuration in- charge density, (r). The inclusion of the core chargg(r)

Vloc(r):ASIn(?locr)

2. Nonlinear core corrections
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TABLE |. Effects of partial core correction on the transferability

6.0] @) R eeeee%lg_cgze_e 2.4 of LSD USPP of Fe and Co for the magnetic properties of ferro-
& M magnetic bcc Fe and hep Co. All calculations have been done at the
-6.51 2.2 experimental volume of the ground stattg, is the cutoff radius for
70l the partial core correctiong, denotes the exchange splitting for the
" uppermost 8 band, ancE,, is the magnetic energienergy differ-
% -7.5] ence between FM and NM phaseomputed at the experimental
‘; lattice constant.
<) -8.0;
= . Foc M 3 Enm
s (a.u) B (ev) (eV)
2 -49
? ) 1.6 2.52 3.24 0.71
S 5.1 bcc Fe 1.2 2.23 2.52 0.48
o ™ 0.6 2.23 2.52 0.48
-5.3
1.6 1.66 2.10 0.33
5.5l hcp Co 1.2 1.58 1.73 0.20
0.0 0.6 1.57 1.70 0.19

120 200 280 360
PW cutoff energy (eV)

the respective magnetic energy are largely overestimated if
FIG. 2. (a) Cohesive energie@with respect to the nonmagnetic one chooses a too large cutoff radiyg, confirming the
atom and magnetic local moment versus plane-wave cutoff energymportance of NLCC for describing magnetic effects. Nev-
for the nonmagneti¢NM) and ferromagneti¢=M) solid phases of  ertheless withr,.=1.2, all values are practically converged.
bce Fe in the ultrasoft pseudopotential approdbhSame as ina)
but for fcc Ni. i
B. Computational method
gives a more accurate representation of the nonlinear depen- Most calculations presented here have been done with a
dence ofE,. andv,. in systems where core and valence spin polarized version of the Viennab initio simulation
charge overlap. It is of crucial importance for an accuratepackage(VASP).2 A detailed description of VASP and its
description of magnetization energies as indicated by previalgorithms can be found in Ref. 3. VASP is a first-principle
ous calculationé>~28 because in 8 transition metal atoms plane-wave code based density-functional theory and allows
the 3d valence states overlap significantly with the 8emi-  the use of USPP. The solution of the generalized Kohn-Sham
core states; thus the spin polarization functionequations is performed using an efficient iterative matrix di-
{=[(n;—n)]/nis much smaller than the respective valenceagonalization routine based on a sequential band-by-band re-
spin polarization?, . siduum minimization method — direct inversion in the itera-
As all other quantities, the core charge density has to béive subspace(RMM-DIIS).>32 Alternatively, a matrix

pseudized within the core region. Because GGA requires thatiagonalization based on a preconditioned band-by-band
the second derivative is continuous we expanded the coreonjugate gradien{CG) algorithn?>’ can be used. The
charge density inside a cutoff radiug, in a set of two charge density is updated using an improved Pulay

Bessel functiong,, mixing.>*3 The efficiencies of different iterative schemes for
the calculations of the ground state in paramagnetic Fe as a
sin(q;r) function of the size of the cell are compared in Ref. 3.
i1 B ro ) For the exchange-correlation energy we have considered

the LSD and the GGA approximations. For LSD, we used

whereq; andB; are chosen so that the first two derivatives ofthe exchange-correlation results of Ceperley and Afdes
the partial core charge density are continu¢the scheme parametrized by Perdew and ZungeCA-PZ2) while for the
works basically along the same lines as the construction o6GA functional we have used tH®W91) (Ref. 21) form.
the ultrasoft wave functions fdr=0). The approach of White and Bittihas been used to compute

Tests on the FM and NM solid phases indicate that ahe GGA spin-polarized-exchange-correlation potentials. For
cutoff of r .= 1.2 a.u. is sufficient within our scheme to get intermediate spin polarizations the interpolation formula of
highly converged values for the equilibrium volume, bulk von Barth and Hedi{ is applied. For specific cases, how-
modulus, and structural energy. When we decreased the cutver, we have also tested the spin interpolation for the cor-
off rpc from 1.2 a.u. to 0.6 a.u. the equilibrium volumes relation energy proposed by Vosko-Wilk-Nus&yWN),38
changed by less than 0.1%, and structural energy differenceshich leads to slightly different results substantiating the
by less than 1 meV. The quantities which are most sensitivémportance of the spin dependence of the correlation energy
to the NLCC are the total moment, the exchange splittingand of the interpolation procedur&s®
and the magnetic enerdie., the energy difference between  Brillouin zone integrations in our calculations was per-
the FM and NM phase The influences of NLCC's for these formed on a grid of Monkhorst-Pack special poffitasing
quantities is shown in Table I. It is found that the local mo-different schemes. The linear tetrahedrdT) method in-
ment, the exchange splitting of the uppermosti&nds, and cluding the corrections according to Bl et al*! has been
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R TABLE II. Comparison of LSD and GGA USPP and scalar
fcc Ni relativistic all-electron calculations for Fe, Co, and Ni atoms. For

E 543] each atom we list the computed ground stae configuration.
P e Magnetic energy\ E = Egrouna— Enm(4s'3d" 1) (see textand in-
> terconfigurational energyE;. (see text are in eV. The GGA re-
§ 5.46/ sults are in parentheses.
2
(7] ol
: Pt - USPP AE EXP
& -5.49
' ' " o Gaussian Fe gs  3%4s'® 3pS3dS4s'®  3d5Us'®  3d%4s?
MP
o Ve cor AE, 2.82(3.19 (2.99 2.60(2.76
N 0.8 oLT AE, 0.45(0.59 (0.59 0.37(0.39 0.87
£
£ 06l Co gs  3"4st3 3d774s'®  3d74s?
2 AE,, 1.28(1.43 1.22(1.30)
§ AE;. -0.40(-0.3) -0.41(-0.42 042
0.4
. : : . Ni  gs 3d%st 3d%s!  3d%4s?
50 180 310 440 AE,, 0.49(0.59 0.45(0.52)
number of K-points AE; -1.18(-1.19 -1.20(-1.22) -0.03

FIG. 3. Comparison between different integration methods us-

ing an USPP and the GGA approximation for fcc Ni. Convergencelevelg. Hund’s first rule of maximum multiplicity is insofar

properties of total energy, magnetic energy, and magnetic momedheyed, that the atoms have magnetic moments of ,4

for fcc Ni at ap=6.52 A versus number ok points. (a) Linear 3ug, and ug.

tetrahedron(open squane(b) Linear tetrahedron with Blchl cor- The experimental ground state configurations are shown

rection (filed squar¢ (c) Methfessel-Paxton methotbpen dia- Table Il in the column EXP. One major problem of LSD

mond, (d) Gaussian smearingpen circle. For all smearing meth- 5,4 GGA calculations is that they predict the wrong ground

odsé equals 0.2 eV. state. Results for the AE ground states if partial occupancies
) ] ) ) are allowed and spherical symmetry is assumed are shown in

chosen for the solid phases. This method is rapidly converrapie |1, We have obtained these ground states by simply

gent W|_th respect to Fhk-pomt grid. Approx_lmat_ely 10k varying the occupancies in a spherical AE program by hand

points in the irreducible wedge of the Brillouin zone are gnq determining the lowest energy configuration. The reason

required to converge the structural energy differences evegy this wrong ground state can be traced back to the wrong

Fig. 3 the convergence of the magnetic moment and the coyg,_— E(4s13d" 1) — E(4523d"2), and has been reported
hesive energy of fcc Ni versus the numberkopoints for i jiterature before. Harris and Joffésave, for instance,

different Brillouin zone integrations methods. Using the LT gown that LSD favorsl occupancies and pushes down the
method the convergence is rather slow, compared to the fggn-1441 configuration by nearly 1 eV with respect to the

nite temperature smearing methods and to the tetrahedrofyn-2442 configuration. We obtain similar results for AE
method with the corrections of Bthl etal* Smearing | pa and GGA calculationgTable 1I).

methods based on finite tempera);gore DERef. 42 with a Baronf*® has shown that for the Fe series a careful treat-
Gaussian or Methfessel and Paxtoibroadening function  ment of the self-interactions including non spherical contri-

give a similar convergence as Blu's method with the ad-  tions dramatically improves the LSD results BE;;. A
vantage that the calculation of forces is efficient and convegjmijar improvement over LSD and GGA is obtained in con-

nient (in Blochl's method forces are difficult to calculate figuration interaction proceduﬁ?sor quantum Monte Carlo
3
accurately. calculations’? The objective of the current paper is anyway a

comparison between pseudopotential and AE calculations,
IIl. ATOMS thus we will not comment further on these problems.

Tests of transferability of ultrasoft pseudopotentials are
described hereafter for Fe, Co, and Ni atoms. The results of
USPP calculations for magnetic properties are compared For computing the energy of atoms with the USPP’s we
with the respective all electron results. have used a large cubic unit cell wi#g=10 A and sampled

the wave functions at th&€ point only. Magnetic energies
AE,, are evaluated directly by subtracting from the total en-
ergy of the spin-polarized free atom in the cubic box the
Fe, Co, and Ni atoms are spin polarized and have 8, 9energy of the nonmagnetic pseudoatom in the reference con-
and 10 valence electrons, respectively, distributed over théguration 4s'3d""1. To calculate the interconfigurational
3d and 4s levels(five electrons in the & spin-up levels, two  energy, the occupancies of the 4nd 3 levels for both
occupying the 4 levels, and the rest in thed3spin-down  spins have been fixed by hand and the electronic minimiza-

B. Pseudopotential results

A. All-electron results
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However, one should keep in mind that GGA corrections are

1 Fe atom not sufficient for reproducing the experimental atomic
___/ ground state.
0 -

ENM ]

IV. DIMERS

In this section we extend the test of USPP to the FM and
NM configurations of Fe, Co, and Ni dimers. The formation
of the dimer is accompanied by a decrease of total energy
and by a lowering of the spin moment compared to the spin-
polarized free atoms. The dimers have a nearly continuous
spectrum of energy levels and it costs little energy to transfer
electrons from weakly bonding to weakly antibonding orbit-
als. This reflects the competition between Hund’s multiplic-
0- NM ity rule (which tends to maximize the spin multiplicjtand
energy minimization(\which usually leads to low-spin con-
figurationg. The dense eigenvalue spectrum makes conver-
gence to the electronic ground state in general difficult.

The potential energy curveg(r) of the FM and NM

Energy (eV)

-2- configurations for each molecule have been computed using
. i . . . . the LSD and GGA approximations. We have used a simple
1.0 12 14 16 18 20 cubic unit cell withay=10 A and sampled the wave func-
4s occupation tions at thel” point only. To improve energy stability we had

to introduce partial occupancies using Gaussian broadening
FIG. 4. Magnetic and nonmagnetic GGA atomic energy of Fewith a width of c=0.2 eV (all energies were extrapolated to
and Co atoms versuss4valence electrons composition, using the zero temperature according to Refs. 42 apdl'8e electronic
(a) all-electron methodi(solid lines], (b) ultrasoft pseudopotential - minimization is accelerated by starting from a superpos,ition
without semicore statemall dashed lings(c) ultrasoft pseudo-  of spin-polarized atomic charge densities. The potential en-
potential with 3 semicore stateiong dashed ling ergy curvesV(r) have been fitted with the modified Morse
potential of Hulburt and Hirschfeld&r

V(r)=D[(1—e )2+ bB3x3e 2P (1+apBx)—1],

tion was performed in a way that preserves the ordering of ®)
the 4s and 3 eigenvalues. In all cases spherical symmetrywherex=r—r, andr, andD, are the equilibrium distance
was conserved to allow direct comparison with the AE cal-and bonding energy, respectively.
culations. In Table lll, the computed equilibrium distanecg, the

In Table Il the USPP calculations for the ground statebinding energyD., and the vibrational frequencies, of the
properties of spin-polarized Fe, Co, and Ni atoms are sumdimers are shown and compared to the available experimen-
marized and compared with all-electron results for the LSDtal data and all-electron calculations. Extensive comparisons
and GGA functionals. The USPP calculations give exactlyare possible for the Fedimer since its magnetic and equi-
the same ground state as the AE calculations. The errors fdibrium configurations have been a subject of intense inves-
the spin-polarization energAE,, and the interconfigura- tigations in recent years. Rare gas matrix isolation
tional energy are also quite smdlh the 5-10 % range technique® in combination with x-ray absorption fine struc-
Most of these errors are probably due to the frozen cordure (EXAFS) and high temperature mass spectroscopy have
approximation. Evidently the transferability of Fe USPP isbeen used to estimate the bond lengih$ and the dissocia-
improved when P electrons are treated as valence states. Ifiion energy D) of transition metal dimer. The measuned
this caseAE,, reduces from 3.15 eV to 2.99 eV using GGA of Fe, in argon and the less polarizable neon matrices are
(see Table )l to be compared with the all-electron value of 1.85 and 2.02 A, respectively, while the most recent esti-
2.76 eV. mates ofD, are between 1.14 eV and 1.6 8YTheoretical

In Fig. 4 we show the USPP GGA atomic energies for thecalculations have led to conflicting conclusions: Most of the
NM and FM configurations of Fe and Co atoms compared:alculations based on the Hartree-Faék) methods sup-
with the respective AE GGA atomic energies at differentport a low-spin state. On the other hand L&Ref. 49 and
4s-state occupancies. The zero energy reference coincidésGA (Ref. 50 calculations predict th€A, as the ground
with the nonmagnetic €63d" ! atomic configuration. The state. This result has been confirmed recently by a CI
nonmagnetic energies for the PP and AE calculation diffecalculation>® which gaver,=2.06 A andD.=1.57 eV.
by at most 20 meV and the two curves are therefore not For the Fe dimer we findr,=2.00 A (2.03 A using the
distinguishable in Fig. 4. In Fe and Co atoms contrary to NiUSPP without(with) semicore $ states using the GGA ap-
atom, the magnetic energy increases by filling tlseosbit-  proximation. The results far, agree very well with the cal-
als. culations of Castro and Salafiiband the CI results of

All these findings demonstrate good transferability ofMitas> The vibrational frequency, is very sensitive to the
LSD and GGA USPP in the context of atomic calculations.XC potentials and to the exact method of calculation, and
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TABLE Ill. Calculated equilibrium bond-lengthr§), vibrational frequency¢.), and dissociation energy
(D) for Fe,, Co,, and Ni, dimers in their FM ground state and for the NM excited state. USPP results for
LSD and GGA are compared with previous calculations and experiment. GGA results are in parenthesis. For
each calculation we also indicate the used exchange-correlation type. For the Fe atom the USPP psl was
generated for the##3d” and ps2 for the B%4s'3d” atomic configurationsi.e., treating the p electrons as
valence electrons For the USPP calculatior3, is evaluated with respect to the spin-polarized atoms.

Dimer  State Method Xc type e We D.
LSD (GGA) R (cm™1) ev)

FM LCAO? VWN (PwW8g 1.96 (2.00 497 (4749 4.38 (3.29
FM LCAO® RSK-vBH 1.96 412 4.05
FM LMTOf GL 2.09 390 3.45

Fe, FM PAW ¢ CA-PZ 1.94 441 3.99
FM  This work (ps)) CA-PZ (PW9) 191 (200 400 (363 3.94 (3.13
FM  This work (ps2 (PW9) (2.03 (350 (3.2)
FM cld 2.06 485 1.57
FM Exp® 1.85, 2.02 300 1.14, 1.06
NM LCAO VWN (Pwgg 1.80 (1.83 2.06 (0.69
NM LCAO® RSK-vBH 1.83 461 1.73
NM Thiswork (ps) CA-PZ  (PW9) 174 (1.79 535 (497 1.94 (0.4)
NM  This work (ps2 (PW9)) (1.8) (493 (0.73
FM LMTOf GL 2.07 360 3.35

Co, FM This work CA-PZ (PW9) 1.91 (1.9 407 (385 4.58 (3.88
NM This work CA-PZ (PW91) 190 (1.9 410 (369 295 (2.02
FM LMTO GL 2.18 320 2.70

Ni, FM This work CA-PZ (PW9) 204 (2.11) 342 (318 3.59 (3.09
FM Exp? 2.12 2.20
NM This work CA-PZz (PW9) 204 (212) 339 (3189 3.19 (2.6)

8Reference 50.
bReference 49.
‘Reference 6.

®Reference 48.
Reference 44.
9Reference 75,

dReference 52.

Harris and Jone¥ The main differences are probably due to

insufficient accuracy of the muffin-tin approximation in mo-

lecular total energy calculations and due to the fact that the

our calculation is of about 50 cit. magnetic energies have been estimated perturbatively in Ref.
Our calculated binding energid3, compare well with  44.

all-electron results. GGA corrections decrease the binding In conclusion, we have demonstrated the possibility to use

energy by about- 0.8 eV for the USPP and 1.0 eV for an USPP for studying spin and spectroscopic properties in

the LCAO methods. However, the binding enef@yfor Fe  3d dimers. A systematic comparison with available all-

5 is still a factor of two too large compared to the experi-electron and experimental results has been presented for the

mental and the Cl value. The energy difference between theM and NM configuration of Fg For transition metal

FM and NM configurations in Feis 2.0 eV and 2.7 eV dimers the USPP approach is as accurate as the best available

using LSD and GGA. These values can be compared wittall-electron method, and is able to reproduce the magnetic

the results of the LCAO method which are 2.32 eV and 2.5%nergy of the high-spin ground state as a function of bond

eV If we compute the GGA spin energy using the USPPlength. We expect a similar accuracy also for other transition

including 3p states we findAE=2.5 eV which compares metal dimers.

very well with the AE result. The ferromagnetic interaction

leads to an increase of 0.2 fr 10% for the equilibrium

bond length, while in Cg and Ni, this difference is practi-

cally zero, indicating a smaller coupling between magnetism Ultrathin films approaching a single monolayer are the

and bond length. prototype systems for investigating magnetism in reduced
For Co, and Ni, dimers ourr,, w., and D, do not dimension. A comprehensive account of first-principle calcu-

compare very well with the linear muffin-tin orbital results of lations of magnetic properties of thin films and related refer-

large discrepancies~100 cm ') are found between differ-
ent AE LSD calculations. The estimated erféitting accu-
racy, broadening technique, and finite size effeatsw, in

V. MONOLAYERS
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TABLE V. Structural and magnetic properties for FM Fe, Co, and Ni monolayers with square and
hexagonal structure computed using USPP and the LSD and GGA functionals. GGA results are given in
parenthesis. For each systeap,, is the interatomic distance ankia/a measures the magnetic strain with
respect to the NM equilibriunM is the local-spin moment whilE,,, = dInM/dIna is the respective magnetic
Gruneisen coefficientE,,, measures the energy difference between the NM and FM phases at their equilib-
rium positions andEq— Epe, are the respective structural energy differences.

Structure arm Aala M I'n E., Esqu™ Enex
A) (%) (uglatom (mRy/atom  (mRy/atom

Fe 213233 28(7.7 1.2(2.7) 15.2(1.7) 2.9(24.5
Square Co 21829 27(3.) 1.7(1.9 1.4(1.2 18.0(30.9
Ni 2.20(2.27 0.9(0.9 0.8(0.9 1.9(1.6 5.1(7.7)

Fe 232242 38(.3 2326 3121 2624389 24.1(249
Hexagonal Co 22836 1.7(25 17(1.8 20(1.3 243343 23.7(19.8
Ni 229(236 04(0.4 0708  27(1.3 1.1(5.5) 25.8(24.0

ences can be found in a recent review artiGlédere the BZ samplings and different local-density exchange-
main focus is to test the USPP for their ability to describe thecorrelation parametrization.
change of the magnetic structure as a function of structure In Fig. 5 we show the dependence of the total energy of
and nearest neighbor distance for NM, FM, and AF squarethe NM, AF, and FM square and hexagonal Fe monolayers
and hexagonal Fe, Co, and Ni unsupported monolayers. on the lattice constant. Both LSD and GGA functional have
Calculations were performed with LSD and GGA, for Co been used. The FM monolayer with hexagonal structure is
and Ni we use a cutoff of 250 eV, while for Fe we use thethe ground state. FM ordering in Fe is more stable than the
USPP including p states with a cutoff of 400 eV. For the AF and NM configurations. The square monolayer becomes
square and hexagonal lattice we have considered thstable at small nearest neighbor distanties a<2.1 A).
p(1x1) NM and FM structure and the c§22) AF struc- However, the magnetic structure for Fe is not easy to estab-
ture. The calculations are performed using eight layers ofish by first-principle methods because of the sensitivity with
vacuum and thek-space integration is done with a respect to the exchange-correlation potential; for the square
(11x11x 3) Monkhorst Pac® grid (42 points in the irre- geometry GGA stabilizes the FM order withl =2.7ug
ducible wedggusing the smearing methods based on generwhile LSD favors NM and AF configurations. Table IV also
alized finite temperature DFT with the Methfessel and Paxsummarizes the GGA results for Co and Ni monolayers. The
ton broadening functiorf§:® With the above parameters the p(1x1) hexagonal structure has the lowest energy and a
total energy convergence is in the meV range and for thetable FM moment for all Fe, Co, and Ni monolayers. The
spin moments the error is below 04&4. The convergence total energy differenceAEg between the square and hexago-
with respect to thé points has been tested for the hexagonainal FM monolayer are nearly unaffected by the GGA correc-
FM Fe monolayerfwith atom position constrained to the tions, while for all spin-dependent properties the spread be-
Cu(11)) surfacé using 5, 24, 42, and 9® points; the corre- tween LSD and GGA results is significant. For the Fe, Co,
sponding cohesive energies afg,=—6.621, —6.673, and Ni hexagonal monolayers, GGA increases the LSD local
—6.682,—6.680 eV/atom while the computed moments aremomentM by 0.3, 0.1, and O/g, respectively, and en-
M=2.91, 2.86, 2.90, and 2.9}, demonstrating the fast hances considerably the exchange-correlation part of the
convergence of thk-point integration scheme. We have also
performed tests with respect to the vacuum width and found Fe Monolayer GGA . ¢ LSD
that errors are below 1 meV/atom with eight layers of 40 4 Py
vacuum.
The computed structural and magnetic properties of Fe,2 201
Co, and Ni unsupported FM monolayers are listed in Table =
IV. The USPP LSD results for the equilibrium interatomic
distanceary,, the spin momenM, the magnetic energies
and the structural energy differenddes=Egy,— Epex for the
FM, AF, and NM phases are compared with the LSD
FLAPW results obtained by Pentcheva and d@lliin Ref.
54. For the Fe, Co, and Ni monolayer, both methods give S . . (b
practically equal plots of total energy and magnetic proper- 1.9 2.3 27 19 2.3 2.7
ties versus interatomic distances and very similar values for Interatomic distance (A)
the equilibrium distance&within 1%), spin momen{within
5%) and magnetic energyE(,) and structural energies dif- FIG. 5. Total energy as a function of interatomic distances of
ferencesAEg (below 10 meV/atorn Both methods predict nonmagnetic(NM), ferromagnetic(FM) and antiferromagnetic
also the same ground state. The differences between the twaF) square(SQU), and hexagonalHEX) unsupported Fe mono-
methods are very small and are probably due to the differentyer. (a) GGA and(b) LSD USPP calculations.

m)

0 4

-20

Energy (mRy/a

-40-
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magnetic energies. The reduction of the magneticn@isen  —0.17 and—0.21 mbar ! for bce Fe, fec Co and Ni, respec-
coefficientI",, and the enhanced magnetolattice efféefa  tively. Comparison with experimental valt&ss shown in
are a measure of the increased FM stabilgge Table IY  Table VI is also satisfactory, even though the pressure de-
when using the GGA functional. pendence of orbital moments is not included in this work.
In conclusion it has been shown that an USPP may b&Ve want to point out that the choice for the spin interpola-
used also for studying magnetic properties in thin metalliction of the LSD correlation energy may change the spin mo-
layer with an accuracy comparable to the best all-electroment slightly. With the PZ-CA parametrization the spin mo-
methods. GGA'’s leads to significant changes in the magnetiment is 2.0%g for bcc Fe(1.52ug for hep Co, whereas the
properties of Fe, Co, and Ni monolayers but predict the sam&WN increases the spin moment to 2ud (1.53ug).
ground state as LSD calculations. The structural energy dif- For all studied magnetic metals we note a good agreement
ference between AF square and FM hexagonal reconstrubetween the USPP and all-electron spin-polarized density of
tion (of importance in Mn and Cr but not in Felepends states and band structuré$%°"*>As seen from Fig. 6 the

strongly on the GGA corrections. spin-polarized USPP bands cannot be modeled by rigidly
shifting the paramagnetic band structure with an appropriate
VI. SOLID PHASES exchange splittingt. On a coarse scale both majority and

minority DOS functions look similar, but looking in details
In this section we check the accuracy of USPP calculathere are larger differences in Fe, while in Ni the differences
tions for describing the equilibrium and nonequilibrium solid are relatively small. A comparison of selected exchange
phases of Fe, Co, and Ni. The quality of USPP using both theplitting and eigenvalues obtained using USPP and FLAPW
LSD and GGA functional is analyzed for the structural andmethods is given in Table VII for the LSD and GGA func-
magnetic properties, dealing also with properties of metational. The width of the @ bands in Fe including unoccupied
stable phases which are not so directly subject to experimerstates is estimated by the differerieeNs)-E(N;).5* We find

tal study. a width of 5.2 eV for the majority spin and a width of 6.1 eV
for the minority spin in agreement with all-electron
A. Ground state and band structure properties results>®%26X Moreover, the computed LSOGGA) ratio of

_ , N'(er)/N'(ep)= 3.28 (3.40 is consistent with the full-
The ground state properties for the experimentally Stabl%otential values of 3.143.27 (Ref. 59 and this good agree-

crystal structures are obtained from Murnaghidits of the  mantis also maintained for the total DOS whicheatis 1.07
total energies computed at different volumes. In Table V WE(1.10) states/eV/atom.

summarize our results for the lattice constagt the bulk
modulusB,, the magnetic spin momemy, and the cohe- 2. LSD versus GGA using ultrasoft pseudopotential
sive energyE.q, for the ground state of Fe, Co, and Ni. The
cohesive energies.,, are computed by subtracting from the
total energies of the solids in their ground state the respecti
total energies of the pseudoatoms in their ground state s
configuration.

Figure 7 summarizes the comparison between the LSD
Vand GGA functional using USPP’s for the phase stability,
.gquilibrium volumes, and bulk moduli of the solid phases of
PBe, Co, and Ni. In agreement with previous wWork it is
found that GGA increases the calculated equilibrium vol-
umes, and reduces the bulk moduli, improving the agreement
with experiment for 8 elements and correctly predicts for
With GGA the experimental ground state structure is theFe the FM bcc structure as the ground state.
energetically most favorable one for all studied systems: bcc Large volume FM phases are favored by GGA more than
FM for Fe, hcp FM for Co, and fcc FM for Ni. GGA also low volume AF or NM phases. This is because spin-density
increases the lattice constants considerably giving a bettégnhomogeneities become rather important when volumes are
agreement with experimentzFrom Table V it is clear that large (as in bcc Fe and Qpleading to larger gradient cor-
both LSD and GGA USPP results fag are in excellent rections. GGA therefore leads to a nonuniform increase of
agreement with the respective full-potential results, whilethe magnetic energy as shown in Fig. 8. It leads also to a
differences of about 5-10 % are found between USPP angeneral lattice expansiofficorrelated with the respective
AE calculations foB,. Calculations 0B are more sensitive magnetic stajeand to a smaller bulk modulus for all studied
thana, to k-points sampling, cutoff energy convergence, andsystems. In the case of Fe, the stabilization of the bcc phase
to the inclusion of semicore states in the USPP. For tharises almost entirely from the enhancement of the magnetic
USPP including p statesB, for FM bcc Fe is, for instance, energy while the total energy difference between paramag-
1.66 Mbar, whereas without semicore states the bulk moduretic fcc-bec crystal structuBE; is very little influenced by
lus is only 1.50 Mbar. Finally, the differences between AEthe nonlocal corrections; for R#E;=25.0 mRy/atom using
and USPP cohesive energies listed in Table V are mainly dueSD andAE;=23.7 mRy/atom using GGA correctiolisee
to the differences in the choice of the reference atomic conFig. 8).
figuration. The relative changes in the equilibrium atomic volumes
The all-electron results for the spin moments, by far(AV/V) calculated using LSD and GGA functionals vary
dominated by theid-electron part, are fairly well reproduced from 10 to 8% for the FM phases going from Fe to Co and
using USPP, the errors are 3% for Fe and 1% for Co and NiNi. AV/V decreases for the NM phases to about 7% but for
The computed spin moment pressure derivativieds/dP  a given material it does not depend on the type of structure.
are given in Table VI and compare well with the results of The softening of the bulk modulus is illustrated in Fig. 7.
Moruzzi, Janak, and William$ of dInM./0P=—0.49, GGA corrects all the LSD error dB, for the stable crystal

1. Comparison of USPP and AE results
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TABLE V. Calculated equilibrium lattice constara(), bulk modulus B,), magnetic momentNl ), and
cohesive energyH_,, for bcc FM Fe, hcp and fcc FM Co, and fcc FM Ni. USPP results for the LSD and
GGA approximation are compared with previous calculations and experiment. The GGA results are in
parentheses. For each calculation are also listed the abbreviations for the exchange-correlation type. For Fe
the USPP ps1 reproduces the'dd’” and ps2 the B®4s'3d” atomic configurations.

Metal Method Xc type ag By My Econ
LSD  (GGA) A (Mban) (ug) (eV)
LMTO @ CA-PZ (PW9) 2.77 (2.85 2.64 (1.82 2.07 (2.29
FLAPW " VWN 2.76 2.66 2.08
FLAPW ¢ HL-vBH (PW86§ 2.76 (2.89 251 (1.82 2.19 (2.13
FLAPW ¢ (PW9J) (2.84 (1.8 (2.17
FLMTO ¢ VWN 2.77 2.52 2.02 7.73
LAPW f HL-vBH (PW9) 2.75 (2.83 255 (1.72 2.04 (2.17)
bce Fe LCAO® CA-PZ (PW8H 2.78 (2.89 2.64 (1.74 2.08 (2.20 7.32 (6.3)
NCPP" CA-PZ (PW9) 2.76 (2.8 2.26 (1.69 2.01 (2.32
This work (ps) CA-PZ (PW91) 2.76 (2.86 2.35 (1.55 2.05 (2.32 6.47 (5.19
This work (ps2 (PW9)) (2.8 (1.66 (2.29 (5.20
Exp' 2.87 1.68 2.22 4.28
LMTO @ CA-PZ (PW9) 245 (252 2.73 (224 153 (1.61)
hcp Co This work CA-PZ (PW9D) 245 (251) 2.42 (209 152 (1.6) 6.88 562
Exp! 2.51 1.91 1.72 4.39
LCAO¢ CA-PZ (PW8H 3.44 (3.56 2.68 (2.14 150 (1.63 5.98 (4.52
NCPP" CA-PZ (PW9) 3.44 (354 2.37 (2.04 1.49 (1.6
LMTO @ CA-PZ (PW9) 3.44 (353 2.70 (2.37 152 (1.63
LAPW ' HL-vBH 3.43 2.69 1.6
fcc Co This work CA-PZ (PW91) 3.45 (3.5) 2.42 (2.09 152 (1.60
Exp! 3.54
LMTO @ CA-PZ (PW9) 3.44 (353 246 (1.92 0.60 (0.62
FLAPW ¢ (PW9J) (3.52 (2.00 (0.60
LCAO¢ CA-PZ (PW8H 3.42 (3.56 2.50 (2.09 0.59 (0.65 5.45 (4.18
NCPP" CA-PZ (PW9) 3.44 (3.53 2.39 (1.92 0.60 (0.69
fcc Ni This work CA-PZ (PW9) 3.43 (353 255 (1.95 0.59 (0.6) 6.09 (4.93
Exp/ 3.52 1.86 0.61 4.44

%Reference 24.
bReference 62.
‘Reference 59.
dReference 76.
®Reference 66.

fReference 70.
9Reference 77.
hReference 27.
'Reference 72.
IReference 78.

structure and modifies the elastic properties of some metaials such as self-interactions correctibhgsee also Sec.
stable phases in the fcc environment, because of the tendentyA ).
of the GGA to stabilize magnetic ordering. For Co and Ni, Table VI summarizes the LSD and GGA USPP calcula-
LSD and GGA predict the correct ground state but GGAtions for different magnetic properties of bcc Fe, hep Co, and
leads to a better agreement with experiment for the equilibfcc Ni. Nonlocal corrections emphasize the tendency towards
rium properties. spontaneous magnetizations, however the GGA effect on the
The LSD cohesive enerdy,,, for Fe, Co, and Ni is sys- spin magnetic moments is very small if compared to the
tematically overestimated by about 2.2, 2.5 and 1.6 eV/atomssociated magnetic energy corrections. The pressure depen-
with respect to experiment. GGA corrections improve thedence of the spin momendlgM,/dP) near the equilibrium
prediction for all elements by reducing the LSD errors byfor the ground state structure is nearly unaffected by GGA.
about 1.3 to 1.1 eV/atom. The remaining discrepancy withThis can also be seen from Fig. 9 where the LSD and GGA
experiment(of about 1.0 eV/atom for Fe to 0.5 eV/atom for computed magnetic moments are plotted at different volumes
Ni) may be overcome by improving the calculation of thefor the FM phases of bcc, fcc, and hep Fe, Co, and Ni. The
total energy of the respective atoni®nd its nonspherical magnetic moment for bcc Fe, hcp Co and fcc Ni is stable
multiplet statey through the use of orbital dependent poten-also at very high pressure. Consistent with previous



56 ULTRASOFT PSEUDOPOTENTIALS APPLIED TO ... 15639

TABLE VI. Magnetic properties of bcc Fe, hcp Co, and fcc Ni using LSD and GGA USPP. The
local-spin moment per atodl ; and the density of statéfor up and down spinN(eg) are computed at the
experimental equilibrium lattice constaay. The pressure derivativinM/dP is calculated at the respective
LSD and GGA theoretical equilibrium position. For FM bcc Fe two GGA USPP have been condid&eg
including 3p states in parenthesis

Units Fe bcc Co hcp Ni fcc

LSD GGA exp LSD GGA exp LSD GGA exp
a A 2.866 2.507 3.524
Mq uglatom 223 233224 222% 158 162 172 060 0.62 0.6F
sinMg/dnV 0.85 0.86(0.78 0.50 0.45 0.51 0.50
aINnM/aP 1/ Mbar!  -0.36 -0.55(-0.48 -0.33" -0.20 -0.22 -0.22 -0.20 -0.26 -0.29
N'(ep) states/eV atom 0.82 0.75.85H 0.15 0.14 0.18 0.16
N!(ep) states/eV atom 0.25 0.2D.25 0.74 0.74 1.70 1.65

%Reference 78.
bReference 58.

investigation®® in Co the hcp and bcc structures maintain local moment of 0.59 (0.61), while for bcc Ni a smaller
FM ordering at much higher pressure than does the fcc phasaagnetic moment of 0.4®.53 ug is obtained.
while in Ni the FM phase of the bcc structure becomes un-  The GGA band structure is similar to the LSD one for all
stable at low pressure. The magnetic moments in Fe, Co, anfludied systems. A comparison of the eigenvalues calculated
Ni are reasonably well described with an USPP. For bcc Feising both functional for few selected symmetry points for
and the USPP without semicore statpsl) GGA overesti-  pcc Fe and fcc Ni is given in Table VII. For the exchange
mates the spin momentM=2.33ug) and the exchange gpjitting the GGA brings only marginal corrections. The
splitting of the uppermost® bands €, is 3.0 €V. The 5y effect is a general enhancement of the splittingd of
quality of the pseudopotential improves substantially wheryases correlated with the increase of local moment and a
one describes the. semicore e!ectrons self consistépsly. reduction of thes-band splitting. For Fe the splitting of the
The exchange Sp|lttln§max in this case reduces from 3.0 eV s-like I'; state is very small compared to the splitting of the
to 2.8 eV and the spin moment reduces to g.24 More- . !

d-like I';; and I';, states and may become nearly zero or

over, if one considers theW91+ approximation, including . . :
corrections of the gradient of the local-spin polarizationn,egat've when GGA corrections are included. The nonsphe-

(V{), Mg reduces to 2.20. ricity of the potential influences the exchange splitting of the

For bee, fcc, and hep FM Co, at their equilibrium position I'12 and 'z d states. In a muffin-tin approach they are ex-
the calculated LSDGGA) spin moment are 1.68..74), 1.55 pected to be quite similar while using the USPP we observe
(1.64), and 1.51(1.61) ug per atom. For hcp Co the experi- @ large difference$0.49 eV with LSD, in good agreement
mental moment is 1.72;. This difference is explained by Wwith FLAPW calculations(0.52 e\). The enhancement of
the estimated large orbital magnetic moment that is arounthe T';, splitting and in particular with respect to tHe&)s
0.15ug/atom® For fcc Ni, we found a LSD(GGA) spin  splitting by the GGA functional is also well reproduced.

i/

.
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Energy (eV)
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fce Ni T

r X W L r K

bee Fe

r H

FIG. 6. Band structure for ferromagnetic bcc Fe and fcc Ni at the experimental lattice parameters. These bands have been calculated with

the USPP and with the LSD approximation. The heavy curves are the majority spin bands while the light curves are for minority spin.
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TABLE VII. Computed exchange splittingg) and majority spin band energies(relative to the Fermi
energy at selected symmetry points for bcc Fe and fcc Ni at their experimental lattice parameter. USPP
results are compared with all-electron values for both LSD and GGA functionals. The abbreviations for the
exchange-correlation type are also listed. The abbreviation ps1 denotes the USPP fst3ite atomic
configuration while ps2 includes alsg3emicore states. The ps2 results are in parentheses.

Iron

LCAO? FLAPW This work
(HL-vBH) (HL-vBH) (PW86 (CA-P2) (PW9)
psl(ps? (ps2
&Iy) 0.17 0.42 -0.05 0.370.37) (0.18
£(T5) 1.82 1.90 1.69 1.961.90 (2.09
& 1) 2.18 2.42 2.57 2.4%2.39 (2.79
é(H1) 1.51 1.72(1.67 (1.83
&(H29) 211 2.21(2.15 (2.36
&(Py) 1.34 1.47 1.16 1.501.45 (1.50
&(Py) 2.10 2.49 2.65 2.522.46 (2.89
&(N3) 1.30 1.34(1.30 (1.39
£(N,) 1.65 1.78(1.73 (1.88
e(T'y) -8.12 -8.47 -8.25 -8.34-8.51) (-8.34
e(T'59) -2.25 -2.27 -2.18 -2.262.28 (-2.29
e(T"1p) -0.86 -0.96 -1.03 -0.97-0.979 (-1.02
e(P,) -3.17 -3.20 -3.07 -3.17-3.22 (-3.17
e(P3) -0.53 -0.75 -0.82 -0.7%-0.7H (-0.8)
Nickel
LCAOC This work
(vBH) (CA-P2) (PW9)
&(Lg) 0.60 0.65 0.76
e(L3) -0.47 -0.51 -0.62
€(Xs) -0.30 -0.37 -0.49
3Reference 61.
bReference 59.
‘Reference 60.
B. Structural properties also the structural energy differences between different mag-

fnetic configurations. Trends in structural magnetic energy
differences are well reproduced, and the differences between
USPP and AE methods are of the same magnitudes as the

We will now investigate in more detail the accuracy o
our USPP for predictingtructural properties of Fe, Co, and
Ni using both LSD and GGA functional. First, we compare =, e AR :
our results to previous all-electron calculations. Second, w ifferences between full-potential linear muffin-tin orbltal§
describe the GGA effects on different magnetic phases an LMTO) and .FLAPW' I_:or t_he fce and hep structures, their
as an application of the interplay between magnetism, pre§ptal energy d|ﬁerenceé|k9 n Co) are of the order of ab-
sure, and structure we illustrate the competitions between theP!ute accuracy of first-principle methods.

NM, FM, and AF ordering at different volumes for the bcc, For the NM phases of Fe, Co and Ni the erors of LGJGSPP
fcc, and hcp structures of Fe. Finally, we describe paths Oﬁ-:alculatlons with respect to fulljpot'entlal cglculatl% o
tetragonal states of Fe, Co, and Ni between the magnetic f e below+0.01 A for the equilibrium lattice constant, in

and bcc structure at a different pressure to test the accurad)e *0.1 Mbar range for the bulk m0(_julus and belqw 1
of the USPP in describing the relative structural stability. MRY/atom for the structural energy. Slightly larger differ-
ences are found for the structural energy differences between

the magnetic bcc and fcc, and bece and hep structures. These
errors are mainly related to the non self-consistent treatment
The computed total energy difference with respect to theof the core valence overlapping. Selected magnetic and
magnetic ground state, the equilibrium atomic volume, andstructural energies for iron computed using LSD and GGA
the bulk modulus for the bcc, fce, and hep structures of Fefunctional are given in Table IX and compared to other cal-
Co, and Ni are compared to other calculations in Table VIll.culations.
This comparison demonstrates the accuracy of the USPP in For the studied systems a different choice of the spin-
predicting not only the equilibrium and bulk properties butdependent correlation energy induces differences of 1 to 3

1. Comparison of USPP and AE results
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FIG. 7. Comparison between LSD and GGA for the structural
properties of Fe, Co, and Ni{a) hcp-fcc (filed diamond$ and

bce-fee (squarey structural energy differences for the magnetic 8 10 12 14 3 10 12 14
low-energy phases of Fe, Co, and Kb) equilibrium volumes; and Volume (AS)

(c) bulk modulus of the magnetic low-energy phases of Fe, Co, ana

Ni for the bee, hep, and fee structure. FIG. 9. Magnetic momentN) for the ferromagnetidFM)

phases of bcc, hep, and fcc Fe, Co, and Ni as a function of the
mRy/atom in the magnetic energy using an USPP, similarlyyolumeV. Comparison betwee(a) LSD and(b) GGA USPP cal-
to the FLAPW results of Jansen and P&hgnd indirectly a  culations.
decrease of the bulk modulus and changes in the local-spin
moment. The largest effects of the spin parametrization conenergy than the fcc NM phase by 17.7 mRy, while treating
cern the magnetic energy of bce fec Cg and the respec-  the 3p electrons as valence states reduces the total energy
tive bece-hep and bee-fee structural energies difference.  difference to 12.9 mRy. This value agrees with an error of 1
Using GGA USPP calculations we have also studied thenry with the full-potential estimations of Abrikoset al5®
effect of including P states on the energetics of Fe. Without and of Singtet al,>® and is 2 mRy smaller than recent norm-
semicore states we found that the bcc FM phase is lower ieonserving pseudopotentia| calculations of Cho and
Schefflef” which use however the LAPW method to deal

B efficiently with the full core electron density but do not use
e 30 LSD "o GGA semicore states.
2 g, A The computed pressure-volume equations of Steftar
& 101 hcp Fe agree very well in the range of pressures from 0.2 to
Eé 7 : o 3.0 Mbar with experiment by including semicore states ef-
u 10 / . fects. Without including the semicore states the theoretical

pressure is about 7% smaller than the experimental value at a

(@ M
5 ' ' ' ' ' pressure larger than 1 Mbar. Under zero pressure the ground
’E‘ =3 OoBCC h
& 20+ a g eFCC state of Fe is bcc FM and the hcp structure becomes stable
g -+ HCP above a critical pressure of 170 kbar, which is in the range of
€ 10 . the measured pressures of 130—150 %band is in a non-
:uc’o 0] oe—g--===---3 | ._—4__3'3 magnetic state. The GGA relaxeda ratio for the NM hcp
< R - structure is of 1.58 consistent with previous LDA resf&>
-104
(b) Fe Co Ni Fe Co Ni 2. Magnetic phases of Fe and Co

FIG. 8. Comparison between LSD and GGA for magnetic and 10 give an example of competition between different
paramagnetic total energy differencéa) Differences in total en- Magnetic structures we show in Fig. 10 the total energies and

ergy between the FM and NM phases for the bce, fcc, and hepocal magnetic moments of FM, AF, and NM states of bcc,
structure at their equilibrium lattice constaft) hcp-fec(filled dia- ~ fcc, and hcp Fe versus atomic volume. These results have
monds and bce-feasquaresstructural energy differences between been obtained using the USPP which includes the semicore
the NM phases of Fe, Co, and Ni. states and the GGA approximation. Neglecting the self-
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TABLE VIII. Structural properties of Fe, Co, and Ni. Comparison between USPP and others calculations
using the LSD approximation. The structural energi€s-Ery,), the equilibrium atomic volume\{y), and

the bulk modulus B,) are expressed in mRy/atom 2Aand Mbar units, respectively.

Iron

Method
(xc type FM NM NM NM
bcc bcc fcc hcp

This work E-EM 0.0 22.4 -2.6 -8.9
(psd Vo 10.54 9.89 9.69 9.63
(CA-P2) Bo 2.35 3.08 331 3.28
FLAPW? E-EM 0.0 21.0 -4.0
(VWN) Vo 10.48 9.83 9.62

Bo 2.66 3.14 3.44
FLMTOP® E-E[M 0.0 19.5 5.9 7.9
(VWN) Vo 10.60 9.95 9.65

Bo 2.52 3.20

Cobalt

Method FM FM FM
(xc type bcc fcc hcp
This work E—Efeh 12.0 15 0.0
(CA-P2) Vo 10.31 10.17 10.14

Bo 2.49 2.54 2.52
LAPW © E-Efep 10.9 2.0 0.0
(HL-vBH) Vo 10.28 10.09

Bo 2.54 2.69
LMTO ¢ E—Efm 8.2 2.2 0.0
(CA-P2) Vo 10.39 10.20 10.20

Bo 2.71 2.98 2.74

Nickel

Method FM FM FM
(xc type bcc fcc hcp
This work E—EY 7.6 0.0 1.6
(CA-P2) Vo 10.21 10.12 10.16

Bo 2.39 2.56 2.45
FLMTOP® E-EM 5.9 0.0
LMTO ¢ E—Efy 2.8 0.0
(CA-P2) Vo 10.18 10.21

Bo 2.65 2.71

8Reference 62.
bReference 66.
‘Reference 72.
dreference 24.
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TABLE IX. Energetics of Fe. Comparison between USPP and others calculations with LSD and GGA
approximation AE; is the total energy difference of NM bcc and NM fcc phaskE" is the total energy

difference of FM bcc and NM fcc phases aA&™ is the total energy difference between the NM and FM
phases of the bcc crystal structure. All energies are in mRy/atom unit.

Metal Method Xc type AE; AET AE™
LSD (GGA)
LMTO 2 CA-PZ (PW9)) 22.0 (20.8 45 (-10.9 175 (31.2
FPLMTO® VWN 5.9 19.5
Fe FLAPW ¢ HL-vBH (PW86 258 (21.2 4.1 (-13.9 21.7 (35.)
FLAPW ¢ VWN 27.0 6.0 21.0
NCPP® CA-PZ (PW9)) 246 (23.) 4.4 (-14.9 20.2 (38.0
This work (psl) CA-PZ (PW9)) 25.0 (229 26 (-17.9 22.4 (40.9
This work (ps2 CA-PZ (PW9)) (23.7 (-12.9 (36.9

%Reference 24.
bReference 66.
‘Reference 59.
dreference 62.
®Reference 27.

consistent description of semicore states we obtain the sammore stable than the respective NM phases. The relative hi-
magnetic phase diagram and volume dependence, howeverarchy between the FM, AF1 and AF2 magnetic configura-
the magnetic energies of the AF and FM phases are enhancédns depends on the volume and the basic crystal structure.
by about 1 and 3 mRy/atom, respectively. As examples offheir total energy differences change considerably along te-
the most usual AF states, the AF1 and AF2 antiferromagtragonal paths. GGA corrections enhance the magnetic ener-
netic configurationgwhich can be described as superlatticesgies of the studied magnetic configurations but do not affect
of period p=1 and layer orientationG=(001) and the critical volume range in fcc Fe where the AF-FM transi-
G=(111), respectivelly are computed. The total energies tion occurs. The fcc-hcp crossover is possible as shown in
have been computed without constraining the magnetic marig. 10 by increasing the volume. At a small volume, hcp Fe
ments and low-spin ferromagnetic configurations for fcc Feis more stable than NM fcc Fe of about 383) mRy/atom

are not shown in Fig. 10. The studied magnetic phases amgsing a GGA(LDA) approximation. At expanded volume,

magnetic(AF1,AF2) and ferromagneti¢FM) phases of bcc, fcc,

Volume (A%

FM hcp Fe lies however higher in energy than FM fcc Fe,

o] bee Fe fec Fe ] hep Fe indicating the instability of the hcp lattic@ver fcg at high
£ temperature and under normal pressure condition.
) Our USPP calculations predict correctly the FM hcp
> 04 structure as ground state for Co using both LSD and GGA
g functionals. Unlike Cr, Mn, and Fe which have stable AF
o states in the fcc structure, the FM state is the most stable in
”(—: 0.2] all studied structure of Co. FM hcp Co is however only 1.5
2 mRy/atom lower in energy with respect to FM fcc Co which
ool is less stable than hcp and bcece crystal structure at high pres-
’ sure. The hcp-fcc structural stability depends on the mag-
25 netic state. In fact, our nonmagnetic calculations of fcc and
g g o hcp Co predict a lower energy for the fcc structure with an
£ 29 7 . hcp-fcc energy barrier of about 2 mRy/atom. The stabiliza-
P i tion of hcp Co by magnetic ordering that we recover using
= ,, o both LSD and GGA functionals is consistent with previous
g 10 faR 14 LMTO LSD results of Min, Oguchi, and Freenfdrand also
R with more recent GGA FPLMTO calculations of Abrikosov
N ‘ et al®® which explain these anomalous structural competi-

tions in terms of a canonical spin-dowdtbands analysis.
The exact mechanism of the hcp-fcc structural transforma-
tions however is still an open problem. Moreover, in analogy

over the NM fcc and hcp structure is increased when using

and hcp Fe as a function of the volume relative to the FM bccGGA. This effect may be of importance for a correct descrip-

ground state energy. These total energy results refer to the USHI®N of the bcc— hep structural transformation properties for
calculations including B states and with GGA approximation.

the Fe-Co alloy.
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and c/a=0.95 for Ni at constanv=11 A3. The elastic
properties of bct Co versuga ratio are in good agreement
with previous LSD LAPW investigations of Liu and Singh.
Using GGA, we found only a slightly smaller bcc-fcc energy
barrier of 5.6 mRy.

Finally, all these results indicate that our USPP allow for
an accurate descriptiof@s full-potential methodsof elastic
instability and structural energies between different magnetic
configurations and different structure. We believe that these
USPP may be used in the future for testing the spin depen-
dence of new exchange-correlation potentials, and in combi-

g 12 5 nation with finite temperature models may also be used to
© quantify the importance of different type of thermal mag-
cE‘ 87 bee netic excitations for fcc Fe and Co at high temperaftre.
§ ) ! fce
& o VII. CONCLUSION
" ' . ' ' In this paper, we have shown that spin polarized calcula-
121 9 Ni tions employing ultrasoft pseudopotentials can be used effi-
ciently to study the magnetic and structural behavior of mag-
8 1 " netic systems with an accuracy comparable to the best all-
bee electron methods. More specifically, we have shown that the
41 USPP approach is able to accurately reproduce all-electron
fec results within both the LSD and GGA schemes and we have
0 - also shown that nonlinear core corrections in the treatment of

. ‘ . . . the exchange-correlation energy are necessary for describing
0.8 1.0 1.2 1.4 1.6 ; : )
correctly the magnetic properties. These ultrasoft pseudopo

c/a ratio tentials use very modest energy cutoffs, if compared to stan-

FIG. 11. Total energy change along the tetragonal distortions OFard soft normeonserving pseudopotentials and are designed

the Bain path of bct Fe, Co, and Ni at different atomic volurties C(glgjgf{igﬁgurate spin-polarizeab initio electronic structure

3 : :
éa)tiotlk.\ese energy are obtained using USPP and the GGA approxI- We have applied these USPP to study the equilibrium
properties and the magnetic behavior of Fe, Co, and Ni in
different environments, ranging from the free atoms over
dimers and monolayers to the solid phases. We have found
that, except for the atoms, in all other studied systems the

As a final application we have tested our USPP for com-GGA functional(in the PW91 form is able to correct most
puting tetragonal states at various volumes. For describingf the LSD errors. Moreover, the transferability of these
the elastic properties along the tetragonal path, the total erpseudopotentials has also been tested by studying the struc-
ergy of the body-centered tetragonal structdset) for the  tural instability at high pressure and to compute the energy
FM phases of Fe has been computed for a diffecéatratio  differences between various magnetic structures. For Fe, the
along the Bain path. The bcc structure corresponds taisage of the GGA functional and inclusion of thp 8emi-
c/a=1; the fcc structure te/a= 2. The GGA USPP total core states has led to the best overall pseudopotential for
energies of bct Fe illustrated in Fig. 11 at different volumeshigh-pressure applications and to accurate magnetization en-
(V=ca?/2) compare well with the GGA LAPW results dis- ergies.
played in Fig. 8b) of Ref. 70. Both bcc and fcc structure are The accuracy of these USPP is comparable to full-
found to be elastically stable under normal pressure condipotential all-electron methods and at the level of being able
tion. Along this path, at high pressur&<8 A?®) the bcc to discuss phase stability on a 1 mRy/atom scale. They may
crystal structure is elastically unstable with respect to a tebe used very efficiently in combination witdib initio mo-
tragonal strain towards the global minimum in the fcc struc-lecular dynamic programs, with fixed-spin-moment
ture or towards the local minima of a tetragonal unit cell withscheme® or with cluster expansion techniqiésfor the
c/a=0.88. The Fe magnetic moment for bct Fe is not con-study of electronic structure, relaxation properties, surface
stant along the Bain path and depends sensibly on the premagnetism, and magnetism in amorphous systems.
sure andc/a ratio. At high pressure and fa/a< 1.3 the
moment is still large affecting the respectiPAV term of
the fcc-bee Gibbs energy differenée.

Differently to Fe, along the tetragonal path for both Co  This work has been supported by the Austrian Science
and Ni the stable cubic structure is fce/&=+2) with Fund under Project No. P11353-PHYS. One of(HSG.M)
a;.c=2.5 A; the bcc crystal structure correspond to the saddlacknowledges support by the Swiss National Science Foun-
point (with a=2.82 Afor Co anda=2.81 Afor Ni) and a dation under Grant No. 8220-042840. We thank G.A. de
metastable tetragonal structure is founctkt=0.92 for Co  Wijs for a critical reading of the manuscript.
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