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Ultrasoft pseudopotentials applied to magnetic Fe, Co, and Ni: From atoms to solids
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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 differences~which however remain
smaller than 2 mRy/atom!. These 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 the 3p semicore states as valence states.
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I. INTRODUCTION

During the past decade the development ofab initio mo-
lecular dynamics~MD! methods1–3 within the density-
functional local-density approximation has lead to a sign
cant improvement in the understanding of material proper
on an atomistic level and of temperature and time-depen
phenomena. However, applications to systems contain
transition metals remain rare4,5 and, in particular, noab initio
MD studies for extended magnetic systems have been
lished to date. Furthermore, for many systems~e.g., inter-
metallic compounds for permanent magnets or soft magn
alloys! the complex interplay of the structural and magne
degrees of freedom offers a challenging as well as promis
field of application ofab initio MD techniques.

The reasons that have lead to this situations are, howe
quite clear: with a few exceptions@e.g., the projector-
augmented wave~PAW! method of Blöchl6# the most effi-
cient ab initio MD methods work in a plane-wave basis a
use pseudopotentials to describe the electron
interaction.1,2,7,8 For sp-bonded metals and for the semico
ducting elements the cutoff energyEcut ~i.e., the highest ki-
netic energy of a plane wave included in the basis set! is of
the order ofEcut < 20 Ry, corresponding to a basis of abo
100 plane waves per atom. Although during the past dec
many attempts have been made to optimize the plane-w
convergence of state-of-the-art normconserv
pseudopotentials,9–11 for transition metals the lower limit to
the cutoff energy are ofEcut > 50 Ry, resulting in basis set
of at least 400 plane waves per atoms.

The ultrasoft pseudopotential~USPP! first proposed by
Vanderbilt12 offers a possibility to resolve the problem o
plane-wave convergence even for transition metals. Van
bilt innovations consist of two fundamental steps:~a! the
norm-conservation constraint is relaxed and the differenc
560163-1829/97/56~24!/15629~18!/$10.00
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the charge densities calculated from the all-electron
pseudo-orbitals is described in terms of a small numbe
localized augmentations functions. This allows us to co
struct extremely soft pseudo wavefunctions requiring onl
very low cutoff energy, usuallyEcut can be as low as 20–2
Ry.8,12 ~b! The freedom gained by relaxing the norm
conservation constraint is used to fit the scattering proper
of the all-electron functions not only at one, but at two
more reference energies spanning the entire width of the
lence band. This allows perfect control of the accuracy a
transferability of the ultrasoft pseudopotentials.

USPP’s have been implemented inab initio MD codes by
Laasonenet al.13 and Kresse and Hafner5 and applied suc-
cessfully to the calculations of phonon-dispersion relatio
of crystalline transition metals,14 to the study of the proper
ties and reactions at transition metal surfaces,15 and to the
simulations of liquid transition metals.4,5,16 However, to our
knowledge no attempt has been made to use USPP’s fo
investigation of the magnetic properties of transition meta
Hence, one of the aims of the present work will be the
sessment of the accuracy, transferability, and converge
properties of USPP for magnetic systems, ranging from
free atoms over clusters and monolayers to the crystal
metals. For magnetic systems, the problem of the trans
ability of a pseudopotential acquires even a new facet
cause a potential constructed for an atomic~and usually non-
magnetic! reference configuration will be used to perfor
calculations for nonmagnetic, ferromagnetic, and antifer
magnetic crystalline phases.

While the correct prediction of the magnetic moments
usually considered to be one of the major successes of l
spin-density17–19~LSD! theory, one also has to remain awa
of its limitations. In general, these limitations result in th
well-known ‘‘overbinding’’ trend manifested in many LSD
calculations: equilibrium lattice constant in solids are und
15 629 © 1997 The American Physical Society
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estimated, cohesive energies and bulk moduli are over
mated compared to the experimental reference values. In
tems showing strong magnetovolume effects~such as, e.g.
Fe! this can lead to dramatic effects: for the solid phase of
the ground state is predicted to be nonmagnetic hexago
close-packed instead of ferromagnetic body-centered-cu

These well-known limitations of the LSD have motivate
a continuous effort to improve the exchange-correlat
~XC! functional within the framework of generalized grad
ent approximations20 ~GGA’s! to density functional theory
~DFT!. The success of GGA’s derives from their ability
correct many of the limitations of the LSD without increa
ing the computational cost significantly. Recently, Perd
and Wang21 have presented a unified real-space-cutoff c
struction of a GGA for exchange and correlation~PW91!,
which shares several properties with the exact
functional.22 Many calculations on atoms, molecules, a
solids have shown that the GGA improves the predictions
cohesive energy and other bulk properties. The ground s
of Fe is a nice example where the GGA corrects a qua
tively wrong prediction of the LSD.23,24 For materials and
properties where the LSD is already a very good approxim
tion the GGA tends to overcorrect the LSD error.24

The necessity to include nonlocal corrections to
exchange-correlation functional also reflects on the const
tion of the pseudopotentials. In this work, we use the sa
approximation for the exchange-correlation functional in
generation of the pseudopotential and in its various appl
tions. Another difficulty arises from the fact that in pseud
potential calculations, the total charge density is subdivid
into core and valence contributions. Since the exchan
correlation functional is nonlinear, this leads to inaccurac
in computing the valence core interactions that have to
corrected by applying nonlinear core correctio
~NLCC’s!.25 Besides, NLCC’s are also of particular impo
tance in magnetic applications25–28 because the spin densit
~which is equal to the density of magnetic moments! is more
localized around the atomic core than the charge den
Finally, the frozen core approximation for the 3p shell may
be a problem in certain application for 3d metals, especially
for those with a less than half filledd shell. Among the
magnetic 3d metals, Fe is a boundary case: the broaden
of the 3p levels into a band can become important und
pressure. Hence, we also have to test corrections arising
treating the 3p ‘‘semicore’’ electrons as valence electrons

The organization of the article is as follows. In Sec. II w
briefly describe the computational method and the proper
of the ultrasoft pseudopotentials. Results of transferab
tests and computational details are also presented. Sectio
describes all-electron and pseudopotential calculations fo
oms. We show that although the USPP results for the s
polarized atoms share the shortcomings of other LSD ca
lations ~absence of multiplet structure, etc.!, they are as ac-
curate as all-electron LSD calculations. In Sec. IV we d
cuss the comparison of our USPP results for the propertie
dimers with all-electron calculations. The magnetic effe
for different multiplets are also outlined. In Sec. V we d
cuss the applications of USPP to hexagonal and squ
monolayers of Fe, Co, and Ni, comparing with available fu
potential linear augmented plane-wave~FLAPW! calcula-
tions. Results of computation of structural, electronic a
ti-
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magnetic properties for the solid metallic phases of Fe,
and Ni are given in Sec. VI, together with detailed compa
son with the most accurate all-electron calculations. Fi
remarks are contained in Sec. VII.

II. METHOD

In this section we describe briefly the main features of
ultrasoft pseudopotentials and of the method of calculatio

A. Ultrasoft pseudopotentials

The ultrasoft Vanderbilt12 pseudopotentials used in th
work have been constructed in a very similar way as
scribed by two of us in Ref. 8. The starting point is th
construction of a very smooth non-normconserving pse
wave functionfn

US for all required channelsn ~defined for
each set of quantum numbersnl, at one or two reference
energiese, i.e.,n5nle) satisfying the minimum requiremen
of being continuous and continuously differentiable at
large cutoff radius rc

l . Following Rappe, Rabe, Kaxiras, an
Joannopoulos11 ~RRKJ! we expand the pseudo wave fun
tions inside the cutoff radii rc

l in terms of a linear combina
tion of spherical Bessel functions,

fn
US~r !5(

i 51

n

a i r j l~qir !, r ,r c
l , ~1!

with the a i andqi chosen such that the logarithmic deriv
tive of fn

US agrees atr c
l with the all-electron value. To satisfy

this condition a minimal set of two spherical Bessel fun
tions jl(qir ) is sufficient if no norm conservation is impose
These wave functions are very smooth and only a low ene
cutoff is required to describe them accurately with a pla
wave basis set. In practice, the Fe, Co, and Ni ultras
pseudopotentials have been generated for the nonmag
4s13d7, 4s13d8, and 4s13d9 atomic configurations, with
cutoff radii r

c

l52.2, 2.45, 2.45 a.u. for the 4s, 4p, and 3d US

wave functions, respectively. For each angular momentuml ,
two projectors were used with reference energies spanni
width of approximately 1–2 Ry.

Ultrasoft separable pseudopotentials can be constru
from these wave functions using Vanderbilt’s scheme.12,13,8

Differently to the the work of Vanderbilt12 we ‘‘pseudize’’
the augmentation functionsQnm(r ) by expressing them in
terms of norm-conserving pseudo wave functionsfn

NC con-
structed with an augmentation radiusr aug

l much smaller than
r c

l ,

Qnm~r !5fn
NC~r !* fm

NC~r !2fn
US~r !* fm

US~r !. ~2!

To satisfy the requirements of normconservation and
continuity of the first two derivatives of the norm-conservin
pseudo wave function atr aug

l , a minimum of three spherica
Bessel functions is needed in the expansion@see Eq.~1!#. For
the normconserving wave functions the augmentation r
r aug

l 52.2, 2.2, and 1.9 a.u. were chosen.
The use of spherical Bessel functions to represent

wave functions allows a simple estimate of the required
ergy cutoffs. For the studied systems, an energy cutoff
Ecut5\2(1.35qmax)

2/(2me), whereqmax is the maximumqi
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FIG. 1. Logarithmic derivatives atr 52.2 a.u. for thes, p, d, and f states of Fe, Co, and Ni atom. Solid lines: results of all-elect
calculations. Dashed line: results using the ultrasoft pseudopotential without semicore states.
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used in the expansion of the US wave functions guaran
an absolute energy convergence around 5 meV/electron,
Ecut5\2(1.15qmax)

2/(2me) an accuracy around 50 meV
electron. The quality of plane-wave calculations decays v
rapidly if the cutoff is reduced belowEmin5\2qmax

2 /(2me).
This convergence criterion predicts that a cutoff around 2
eV ~18 Ry! is required to obtain an accuracy of 5 me
electron. The plane-wave cutoff for a norm-conservi
pseudopotential with thesamequality would be around 700
eV ~50 Ry! ~but even in that case twod channels would be
required to get a similar accuracy as for the US pseudo
tential!. Similar cutoffs for norm-conserving PP were r
ported by other authors.29 This means that a calculation wit
a norm-conserving pseudopotential would need an appr
mately 4 times larger basis set, making calculations sign
cantly more expensive than with the US pseudopoten
The average number of basis functions for the US pseu
potential is around 70–100 plane waves per atom, allow
simulations for up to 50–100 atoms on inexpensive works
tions.

Considerable care has also been taken in the constru
of the local PPVloc . The importance of higher angular com
ponents is often overlooked in the context of PP calculatio
althought the inclusion off states can change the volum
considerably. A convenient choice for the local potentia
usually a ‘‘truncated’’ AE potential. In this study, we replac
the AE potential inside the cutoff radiusr loc5 1.7 a.u. by

Vloc~r !5A
sin~qlocr !

r
for r ,r loc , ~3!

whereqloc andA are chosen so that the first derivative of t
potential is continuous. Ifr loc is chosen sufficiently small a
very accurate description of thef states can be achieved
Another possible choice for the local potential is a pseu
potential constructed for thef states. But this potential is
often so attractive, that ghost states in thes or p components
cannot be avoided.30

To complement our study for Fe we have also genera
an USPP in the 3p64s13d7 nonmagnetic configuration in
es
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cluding the 3p semicore states as valence states. In this c
the cutoff radii of the pseudo wave function were reduced
1.9 a.u. and for a converged total energy the cutoff ene
for the plane-wave expansions must be around 400 eV. T
USPP gives a better transferability for high-pressure prop
ties of the solidhcp phase of Fe~Ref. 31! and also for spin
polarization properties in atoms and solids.

1. Transferability and convergence tests

Figure 1 shows the logarithmic derivatives atr 52.2 a.u.
for the AE and US wave functions for eachl in the case of
Fe, Co, and Ni. As can be seen from Fig. 1 the scatter
properties of the pseudo wave function are very accurate
only for the l 5022 components but also for the unboun
l 53 ( f states! over a wide range of energies.

Convergence tests for total energy and magnetic pro
ties of Fe, Co, and Ni in atoms, dimers, monolayers, and
the solid have been performed using the LSD and the G
functionals. Here we have chosen to show tests for the s
only. Figure 2 displays the convergence of the cohesive
ergy and of the magnetic moment againstEcut for the ferro-
magnetic~FM! and nonmagnetic~NM! phases of bcc Fe an
fcc Ni using the GGA XC functional. To compare the coh
sive energies with experiment one should also add the ato
spin polarization energy. It can be seen, that the cohe
energies and magnetic moments for both NM and FM pha
converge around 250 eV. At this cutoff structural ener
differences are converged within 1 meV and the error in
magnetic moment is smaller than 0.01mB . By increasingEcut
to 300 eV the absolute error in the total energy becom
smaller than 1 meV/atom.

2. Nonlinear core corrections

To describe the valence core energy interaction accura
the nonlinear core correction~NLCC! scheme proposed b
Louie, Froyen, and Cohen25 has been used. The main idea
this approach is to compute the XC energyExc seen by the
valence electrons using the total rather than the vale
charge densitynv(r ). The inclusion of the core chargenc(r )
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gives a more accurate representation of the nonlinear de
dence ofExc and vxc in systems where core and valen
charge overlap. It is of crucial importance for an accur
description of magnetization energies as indicated by pr
ous calculations,25–28 because in 3d transition metal atoms
the 3d valence states overlap significantly with the 3p semi-
core states; thus the spin polarization functi
z5@(n↑2n↓)#/n is much smaller than the respective valen
spin polarizationzv .

As all other quantities, the core charge density has to
pseudized within the core region. Because GGA requires
the second derivative is continuous we expanded the
charge density inside a cutoff radiusr pc in a set of two
Bessel functionsj 0,

(
i 51,2

Bi

sin~qir !

r
, ~4!

whereqi andBi are chosen so that the first two derivatives
the partial core charge density are continuous~the scheme
works basically along the same lines as the construction
the ultrasoft wave functions forl 50).

Tests on the FM and NM solid phases indicate tha
cutoff of r pc51.2 a.u. is sufficient within our scheme to g
highly converged values for the equilibrium volume, bu
modulus, and structural energy. When we decreased the
off r pc from 1.2 a.u. to 0.6 a.u. the equilibrium volume
changed by less than 0.1%, and structural energy differe
by less than 1 meV. The quantities which are most sensi
to the NLCC are the total moment, the exchange splitt
and the magnetic energy~i.e., the energy difference betwee
the FM and NM phase!. The influences of NLCC’s for thes
quantities is shown in Table I. It is found that the local m
ment, the exchange splitting of the uppermost 3d bands, and

FIG. 2. ~a! Cohesive energies~with respect to the nonmagneti
atom! and magnetic local moment versus plane-wave cutoff ene
for the nonmagnetic~NM! and ferromagnetic~FM! solid phases of
bcc Fe in the ultrasoft pseudopotential approach.~b! Same as in~a!
but for fcc Ni.
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the respective magnetic energy are largely overestimate
one chooses a too large cutoff radiusr pc, confirming the
importance of NLCC for describing magnetic effects. Ne
ertheless withr pc51.2, all values are practically converge

B. Computational method

Most calculations presented here have been done wi
spin polarized version of the Viennaab initio simulation
package~VASP!.3 A detailed description of VASP and it
algorithms can be found in Ref. 3. VASP is a first-princip
plane-wave code based density-functional theory and all
the use of USPP. The solution of the generalized Kohn-Sh
equations is performed using an efficient iterative matrix
agonalization routine based on a sequential band-by-ban
siduum minimization method – direct inversion in the iter
tive subspace~RMM-DIIS!.3,32 Alternatively, a matrix
diagonalization based on a preconditioned band-by-b
conjugate gradient~CG! algorithm2,3,7 can be used. The
charge density is updated using an improved Pu
mixing.3,33 The efficiencies of different iterative schemes f
the calculations of the ground state in paramagnetic Fe
function of the size of the cell are compared in Ref. 3.

For the exchange-correlation energy we have conside
the LSD and the GGA approximations. For LSD, we us
the exchange-correlation results of Ceperley and Alder34 as
parametrized by Perdew and Zunger35 ~CA-PZ! while for the
GGA functional we have used the~PW91! ~Ref. 21! form.
The approach of White and Bird36 has been used to compu
the GGA spin-polarized-exchange-correlation potentials.
intermediate spin polarizations the interpolation formula
von Barth and Hedin37 is applied. For specific cases, how
ever, we have also tested the spin interpolation for the c
relation energy proposed by Vosko-Wilk-Nusair~VWN!,38

which leads to slightly different results substantiating t
importance of the spin dependence of the correlation ene
and of the interpolation procedures.38,39

Brillouin zone integrations in our calculations was pe
formed on a grid of Monkhorst-Pack special points40 using
different schemes. The linear tetrahedron~LT! method in-
cluding the corrections according to Blo¨chl et al.41 has been

TABLE I. Effects of partial core correction on the transferabili
of LSD USPP of Fe and Co for the magnetic properties of fer
magnetic bcc Fe and hcp Co. All calculations have been done a
experimental volume of the ground state.r pc is the cutoff radius for
the partial core corrections,j denotes the exchange splitting for th
uppermost 3d band, andEm is the magnetic energy~energy differ-
ence between FM and NM phase! computed at the experimenta
lattice constant.

r pc M j Em

~a.u.! mB ~eV! ~eV!

1.6 2.52 3.24 0.71
bcc Fe 1.2 2.23 2.52 0.48

0.6 2.23 2.52 0.48

1.6 1.66 2.10 0.33
hcp Co 1.2 1.58 1.73 0.20

0.6 1.57 1.70 0.19

y
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chosen for the solid phases. This method is rapidly conv
gent with respect to thek-point grid. Approximately 100k
points in the irreducible wedge of the Brillouin zone a
required to converge the structural energy differences e
for FM phases within 1 meV. As an example, we show
Fig. 3 the convergence of the magnetic moment and the
hesive energy of fcc Ni versus the number ofk points for
different Brillouin zone integrations methods. Using the L
method the convergence is rather slow, compared to th
nite temperature smearing methods and to the tetrahe
method with the corrections of Blo¨chl et al.41 Smearing
methods based on finite temperature DFT~Ref. 42! with a
Gaussian or Methfessel and Paxton43 broadening function
give a similar convergence as Blo¨chl’s method with the ad-
vantage that the calculation of forces is efficient and con
nient ~in Blöchl’s method forces are difficult to calculat
accurately!.3

III. ATOMS

Tests of transferability of ultrasoft pseudopotentials
described hereafter for Fe, Co, and Ni atoms. The result
USPP calculations for magnetic properties are compa
with the respective all electron results.

A. All-electron results

Fe, Co, and Ni atoms are spin polarized and have 8
and 10 valence electrons, respectively, distributed over
3d and 4s levels~five electrons in the 3d spin-up levels, two
occupying the 4s levels, and the rest in the 3d spin-down

FIG. 3. Comparison between different integration methods
ing an USPP and the GGA approximation for fcc Ni. Convergen
properties of total energy, magnetic energy, and magnetic mom
for fcc Ni at a056.52 Å versus number ofk points. ~a! Linear
tetrahedron~open square! ~b! Linear tetrahedron with Blo¨chl cor-
rection ~filled square! ~c! Methfessel-Paxton method~open dia-
mond!, ~d! Gaussian smearing~open circle!. For all smearing meth-
odsd equals 0.2 eV.
r-

en

o-

fi-
on

-

e
of
d

9,
e

levels!. Hund’s first rule of maximum multiplicity is insofar
obeyed, that the atoms have magnetic moments of 4mB ,
3mB , and 2mB .

The experimental ground state configurations are sho
in Table II in the column EXP. One major problem of LS
and GGA calculations is that they predict the wrong grou
state. Results for the AE ground states if partial occupan
are allowed and spherical symmetry is assumed are show
Table II. We have obtained these ground states by sim
varying the occupancies in a spherical AE program by ha
and determining the lowest energy configuration. The rea
for this wrong ground state can be traced back to the wr
description of the interconfiguration energ
DEic5E(4s13dn21)2E(4s23dn22), and has been reporte
in literature before. Harris and Jones44 have, for instance,
shown that LSD favorsd occupancies and pushes down t
3dn214s1 configuration by nearly 1 eV with respect to th
3dn224s2 configuration. We obtain similar results for AE
LDA and GGA calculations~Table II!.

Baroni45 has shown that for the Fe series a careful tre
ment of the self-interactions including non spherical con
butions dramatically improves the LSD results forDEic . A
similar improvement over LSD and GGA is obtained in co
figuration interaction procedures46 or quantum Monte Carlo
calculations.52 The objective of the current paper is anyway
comparison between pseudopotential and AE calculatio
thus we will not comment further on these problems.

B. Pseudopotential results

For computing the energy of atoms with the USPP’s
have used a large cubic unit cell witha0510 Å and sampled
the wave functions at theG point only. Magnetic energies
DEm are evaluated directly by subtracting from the total e
ergy of the spin-polarized free atom in the cubic box t
energy of the nonmagnetic pseudoatom in the reference
figuration 4s13dn21. To calculate the interconfigurationa
energy, the occupancies of the 4s and 3d levels for both
spins have been fixed by hand and the electronic minim

TABLE II. Comparison of LSD and GGA USPP and scal
relativistic all-electron calculations for Fe, Co, and Ni atoms. F
each atom we list the computed ground state~gs! configuration.
Magnetic energyDEm5Eground2ENM(4s13dn21) ~see text! and in-
terconfigurational energyDEic ~see text! are in eV. The GGA re-
sults are in parentheses.

USPP AE EXP

Fe gs 3d6.24s1.8 3p63d6.24s1.8 3d6.24s1.8 3d64s2

DEm 2.82 ~ 3.15! ~2.99! 2.60 ~2.76!
DEic 0.45 ~ 0.59! ~0.54! 0.37 ~0.39! 0.87

Co gs 3d7.74s1.3 3d7.74s1.3 3d74s2

DEm 1.28 ~ 1.43! 1.22 ~1.31!
DEic -0.40 ~-0.31! -0.41 ~-0.42! 0.42

Ni gs 3d94s1 3d94s1 3d84s2

DEm 0.49 ~ 0.55! 0.45 ~0.52!
DEic -1.18 ~-1.14! -1.20 ~-1.21! -0.03
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tion was performed in a way that preserves the ordering
the 4s and 3d eigenvalues. In all cases spherical symme
was conserved to allow direct comparison with the AE c
culations.

In Table II the USPP calculations for the ground sta
properties of spin-polarized Fe, Co, and Ni atoms are s
marized and compared with all-electron results for the L
and GGA functionals. The USPP calculations give exac
the same ground state as the AE calculations. The error
the spin-polarization energyDEm and the interconfigura
tional energy are also quite small~in the 5–10 % range!.
Most of these errors are probably due to the frozen c
approximation. Evidently the transferability of Fe USPP
improved when 3p electrons are treated as valence states
this case,DEm reduces from 3.15 eV to 2.99 eV using GG
~see Table II! to be compared with the all-electron value
2.76 eV.

In Fig. 4 we show the USPP GGA atomic energies for
NM and FM configurations of Fe and Co atoms compa
with the respective AE GGA atomic energies at differe
4s-state occupancies. The zero energy reference coinc
with the nonmagnetic 4s13dn21 atomic configuration. The
nonmagnetic energies for the PP and AE calculation di
by at most 20 meV and the two curves are therefore
distinguishable in Fig. 4. In Fe and Co atoms contrary to
atom, the magnetic energy increases by filling the 4s orbit-
als.

All these findings demonstrate good transferability
LSD and GGA USPP in the context of atomic calculation

FIG. 4. Magnetic and nonmagnetic GGA atomic energy of
and Co atoms versus 4s valence electrons composition, using th
~a! all-electron method@~solid lines!#, ~b! ultrasoft pseudopotentia
without semicore states~small dashed lines!, ~c! ultrasoft pseudo-
potential with 3p semicore states~long dashed line!.
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However, one should keep in mind that GGA corrections
not sufficient for reproducing the experimental atom
ground state.

IV. DIMERS

In this section we extend the test of USPP to the FM a
NM configurations of Fe, Co, and Ni dimers. The formatio
of the dimer is accompanied by a decrease of total ene
and by a lowering of the spin moment compared to the sp
polarized free atoms. The dimers have a nearly continu
spectrum of energy levels and it costs little energy to trans
electrons from weakly bonding to weakly antibonding orb
als. This reflects the competition between Hund’s multipl
ity rule ~which tends to maximize the spin multiplicity! and
energy minimization~which usually leads to low-spin con
figurations!. The dense eigenvalue spectrum makes conv
gence to the electronic ground state in general difficult.

The potential energy curvesV(r ) of the FM and NM
configurations for each molecule have been computed u
the LSD and GGA approximations. We have used a sim
cubic unit cell witha0510 Å and sampled the wave func
tions at theG point only. To improve energy stability we ha
to introduce partial occupancies using Gaussian broade
with a width ofs50.2 eV ~all energies were extrapolated t
zero temperature according to Refs. 42 and 3!. The electronic
minimization is accelerated by starting from a superpos,it
of spin-polarized atomic charge densities. The potential
ergy curvesV(r ) have been fitted with the modified Mors
potential of Hulburt and Hirschfelder47

V~r !5De@~12e2bx!21bb3x3e22bx~11abx!21#,
~5!

wherex5r 2r e and r e andDe are the equilibrium distance
and bonding energy, respectively.

In Table III, the computed equilibrium distancer e , the
binding energyDe , and the vibrational frequenciesve of the
dimers are shown and compared to the available experim
tal data and all-electron calculations. Extensive comparis
are possible for the Fe2 dimer since its magnetic and equ
librium configurations have been a subject of intense inv
tigations in recent years. Rare gas matrix isolati
techniques48 in combination with x-ray absorption fine struc
ture ~EXAFS! and high temperature mass spectroscopy h
been used to estimate the bond lengths (r e) and the dissocia-
tion energy (De) of transition metal dimer. The measuredr e
of Fe2 in argon and the less polarizable neon matrices
1.85 and 2.02 Å, respectively, while the most recent e
mates ofDe are between 1.14 eV and 1.6 eV.48 Theoretical
calculations have led to conflicting conclusions: Most of t
calculations based on the Hartree-Fock~HF! methods sup-
port a low-spin state. On the other hand LSD~Ref. 49! and
GGA ~Ref. 50! calculations predict the7Du as the ground
state. This result has been confirmed recently by a
calculation,51 which gaver e52.06 Å andDe51.57 eV.

For the Fe2 dimer we findr e52.00 Å (2.03 Å! using the
USPP without~with! semicore 3p states using the GGA ap
proximation. The results forr e agree very well with the cal-
culations of Castro and Salahub50 and the CI results of
Mitas.52 The vibrational frequencyve is very sensitive to the
XC potentials and to the exact method of calculation, a

e
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TABLE III. Calculated equilibrium bond-length (r e), vibrational frequency (ve), and dissociation energy
(De) for Fe2, Co2, and Ni2 dimers in their FM ground state and for the NM excited state. USPP result
LSD and GGA are compared with previous calculations and experiment. GGA results are in parenthe
each calculation we also indicate the used exchange-correlation type. For the Fe atom the USPP
generated for the 4s13d7 and ps2 for the 3p64s13d7 atomic configurations~i.e., treating the 3p electrons as
valence electrons!. For the USPP calculationsDe is evaluated with respect to the spin-polarized atoms.

Dimer State Method xc type r e ve De

LSD ~GGA! ~Å! ~cm21) ~eV!

FM LCAO a VWN ~PW86! 1.96 ~2.00! 497 ~474! 4.38 ~3.24!
FM LCAO b RSK-vBH 1.96 412 4.05
FM LMTO f GL 2.09 390 3.45

Fe2 FM PAW c CA-PZ 1.94 441 3.99
FM This work ~ps1! CA-PZ ~PW91! 1.91 ~2.00! 400 ~363! 3.94 ~3.13!
FM This work ~ps2! ~PW91! ~2.03! ~350! ~3.21!
FM CI d 2.06 485 1.57
FM Exp e 1.85, 2.02 300 1.14, 1.06

NM LCAO a VWN ~PW86! 1.80 ~1.83! 2.06 ~0.69!
NM LCAO b RSK-vBH 1.83 461 1.73
NM This work ~ps1! CA-PZ ~PW91! 1.74 ~1.79! 535 ~497! 1.94 ~0.41!
NM This work ~ps2! ~PW91! ~1.81! ~493! ~0.73!

FM LMTO f GL 2.07 360 3.35
Co2 FM This work CA-PZ ~PW91! 1.91 ~1.97! 407 ~385! 4.58 ~3.88!

NM This work CA-PZ ~PW91! 1.90 ~1.96! 410 ~369! 2.95 ~2.02!

FM LMTO f GL 2.18 320 2.70
Ni 2 FM This work CA-PZ ~PW91! 2.04 ~2.11! 342 ~318! 3.59 ~3.06!

FM Exp g 2.12 2.20

NM This work CA-PZ ~PW91! 2.04 ~2.11! 339 ~318! 3.19 ~2.61!

aReference 50.
bReference 49.
cReference 6.
dReference 52.

eReference 48.
fReference 44.
gReference 75,
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large discrepancies (;100 cm21) are found between differ
ent AE LSD calculations. The estimated error~fitting accu-
racy, broadening technique, and finite size effects! in we in
our calculation is of about 50 cm21.

Our calculated binding energiesDe compare well with
all-electron results. GGA corrections decrease the bind
energy by about; 0.8 eV for the USPP and; 1.0 eV for
the LCAO methods. However, the binding energyDe for Fe
2 is still a factor of two too large compared to the expe
mental and the CI value. The energy difference between
FM and NM configurations in Fe2 is 2.0 eV and 2.7 eV
using LSD and GGA. These values can be compared w
the results of the LCAO method which are 2.32 eV and 2
eV.50 If we compute the GGA spin energy using the US
including 3p states we findDE52.5 eV which compares
very well with the AE result. The ferromagnetic interactio
leads to an increase of 0.2 Å~or 10%! for the equilibrium
bond length, while in Co2 and Ni2 this difference is practi-
cally zero, indicating a smaller coupling between magnet
and bond length.

For Co2 and Ni2 dimers our r e , ve , and De do not
compare very well with the linear muffin-tin orbital results
g

e

th
5

Harris and Jones.44 The main differences are probably due
insufficient accuracy of the muffin-tin approximation in m
lecular total energy calculations and due to the fact that
magnetic energies have been estimated perturbatively in
44.

In conclusion, we have demonstrated the possibility to
an USPP for studying spin and spectroscopic propertie
3d dimers. A systematic comparison with available a
electron and experimental results has been presented fo
FM and NM configuration of Fe2. For transition metal
dimers the USPP approach is as accurate as the best ava
all-electron method, and is able to reproduce the magn
energy of the high-spin ground state as a function of bo
length. We expect a similar accuracy also for other transit
metal dimers.

V. MONOLAYERS

Ultrathin films approaching a single monolayer are t
prototype systems for investigating magnetism in redu
dimension. A comprehensive account of first-principle calc
lations of magnetic properties of thin films and related ref



and
iven in
th
c
uilib-

15 636 56MORONI, KRESSE, HAFNER, AND FURTHMU¨ LLER
TABLE IV. Structural and magnetic properties for FM Fe, Co, and Ni monolayers with square
hexagonal structure computed using USPP and the LSD and GGA functionals. GGA results are g
parenthesis. For each system,aFM is the interatomic distance andDa/a measures the magnetic strain wi
respect to the NM equilibrium.M is the local-spin moment whileGm 5 ] lnM/]lna is the respective magneti
Grüneisen coefficient.Em measures the energy difference between the NM and FM phases at their eq
rium positions andEsqu2Ehex are the respective structural energy differences.

Structure aFM Da/a M Gm Em Esqu2Ehex

~Å! ~%! ~mB/atom! ~mRy/atom! ~mRy/atom!

Fe 2.13~2.33! 2.8 ~7.7! 1.2 ~2.7! 15.2 ~1.7! 2.9 ~24.5!
Square Co 2.18~2.25! 2.7 ~3.1! 1.7 ~1.9! 1.4 ~1.2! 18.0 ~30.9!

Ni 2.20 ~2.27! 0.9 ~0.8! 0.8 ~0.9! 1.9 ~1.6! 5.1 ~7.7!

Fe 2.32~2.42! 3.8 ~5.3! 2.3 ~2.6! 3.1 ~2.1! 26.2 ~43.8! 24.1 ~24.9!
Hexagonal Co 2.28~2.36! 1.7 ~2.5! 1.7 ~1.8! 2.0 ~1.3! 24.3 ~34.3! 23.7 ~19.8!

Ni 2.29 ~2.36! 0.4 ~0.4! 0.7 ~0.8! 2.7 ~1.3! 1.1 ~5.5! 25.8 ~24.0!
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ences can be found in a recent review article.53 Here the
main focus is to test the USPP for their ability to describe
change of the magnetic structure as a function of struc
and nearest neighbor distance for NM, FM, and AF squa
and hexagonal Fe, Co, and Ni unsupported monolayers.

Calculations were performed with LSD and GGA; for C
and Ni we use a cutoff of 250 eV, while for Fe we use t
USPP including 3p states with a cutoff of 400 eV. For th
square and hexagonal lattice we have considered
p(131) NM and FM structure and the c(232) AF struc-
ture. The calculations are performed using eight layers
vacuum and thek-space integration is done with
(1131133) Monkhorst Pack40 grid ~42 points in the irre-
ducible wedge! using the smearing methods based on gen
alized finite temperature DFT with the Methfessel and P
ton broadening functions.43,3 With the above parameters th
total energy convergence is in the meV range and for
spin moments the error is below 0.01mB . The convergence
with respect to thek points has been tested for the hexago
FM Fe monolayer@with atom position constrained to th
Cu~111! surface# using 5, 24, 42, and 99k points; the corre-
sponding cohesive energies areEc526.621, 26.673,
26.682,26.680 eV/atom while the computed moments a
M52.91, 2.86, 2.90, and 2.90mB , demonstrating the fas
convergence of thek-point integration scheme. We have al
performed tests with respect to the vacuum width and fo
that errors are below 1 meV/atom with eight layers
vacuum.

The computed structural and magnetic properties of
Co, and Ni unsupported FM monolayers are listed in Ta
IV. The USPP LSD results for the equilibrium interatom
distanceaFM , the spin momentM , the magnetic energie
and the structural energy differenceDEs5Esqu2Ehex for the
FM, AF, and NM phases are compared with the LS
FLAPW results obtained by Pentcheva and Blu¨gel in Ref.
54. For the Fe, Co, and Ni monolayer, both methods g
practically equal plots of total energy and magnetic prop
ties versus interatomic distances and very similar values
the equilibrium distances~within 1%!, spin moment~within
5%! and magnetic energy (Em) and structural energies dif
ferencesDEs ~below 10 meV/atom!. Both methods predic
also the same ground state. The differences between the
methods are very small and are probably due to the diffe
e
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BZ samplings and different local-density exchang
correlation parametrization.

In Fig. 5 we show the dependence of the total energy
the NM, AF, and FM square and hexagonal Fe monolay
on the lattice constant. Both LSD and GGA functional ha
been used. The FM monolayer with hexagonal structure
the ground state. FM ordering in Fe is more stable than
AF and NM configurations. The square monolayer becom
stable at small nearest neighbor distances~for a,2.1 Å!.
However, the magnetic structure for Fe is not easy to es
lish by first-principle methods because of the sensitivity w
respect to the exchange-correlation potential; for the squ
geometry GGA stabilizes the FM order withM52.7mB
while LSD favors NM and AF configurations. Table IV als
summarizes the GGA results for Co and Ni monolayers. T
p(131) hexagonal structure has the lowest energy an
stable FM moment for all Fe, Co, and Ni monolayers. T
total energy differencesDEs between the square and hexag
nal FM monolayer are nearly unaffected by the GGA corr
tions, while for all spin-dependent properties the spread
tween LSD and GGA results is significant. For the Fe, C
and Ni hexagonal monolayers, GGA increases the LSD lo
moment M by 0.3, 0.1, and 0.1mB , respectively, and en
hances considerably the exchange-correlation part of

FIG. 5. Total energy as a function of interatomic distances
nonmagnetic ~NM!, ferromagnetic ~FM! and antiferromagnetic
~AF! square~SQU!, and hexagonal~HEX! unsupported Fe mono
layer. ~a! GGA and~b! LSD USPP calculations.
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magnetic energies. The reduction of the magnetic Gru¨neisen
coefficientGm and the enhanced magnetolattice effectDa/a
are a measure of the increased FM stability~see Table IV!
when using the GGA functional.

In conclusion it has been shown that an USPP may
used also for studying magnetic properties in thin meta
layer with an accuracy comparable to the best all-elect
methods. GGA’s leads to significant changes in the magn
properties of Fe, Co, and Ni monolayers but predict the sa
ground state as LSD calculations. The structural energy
ference between AF square and FM hexagonal recons
tion ~of importance in Mn and Cr but not in Fe! depends
strongly on the GGA corrections.55

VI. SOLID PHASES

In this section we check the accuracy of USPP calcu
tions for describing the equilibrium and nonequilibrium so
phases of Fe, Co, and Ni. The quality of USPP using both
LSD and GGA functional is analyzed for the structural a
magnetic properties, dealing also with properties of me
stable phases which are not so directly subject to experim
tal study.

A. Ground state and band structure properties

The ground state properties for the experimentally sta
crystal structures are obtained from Murnaghan56 fits of the
total energies computed at different volumes. In Table V
summarize our results for the lattice constanta0, the bulk
modulusB0, the magnetic spin momentM0, and the cohe-
sive energyEcoh for the ground state of Fe, Co, and Ni. Th
cohesive energiesEcoh are computed by subtracting from th
total energies of the solids in their ground state the respec
total energies of the pseudoatoms in their ground state
configuration.

1. Comparison of USPP and AE results

With GGA the experimental ground state structure is
energetically most favorable one for all studied systems:
FM for Fe, hcp FM for Co, and fcc FM for Ni. GGA also
increases the lattice constants considerably giving a be
agreement with experiment..From Table V it is clear that
both LSD and GGA USPP results fora0 are in excellent
agreement with the respective full-potential results, wh
differences of about 5–10 % are found between USPP
AE calculations forB0. Calculations ofB0 are more sensitive
thana0 to k-points sampling, cutoff energy convergence, a
to the inclusion of semicore states in the USPP. For
USPP including 3p states,B0 for FM bcc Fe is, for instance
1.66 Mbar, whereas without semicore states the bulk mo
lus is only 1.50 Mbar. Finally, the differences between A
and USPP cohesive energies listed in Table V are mainly
to the differences in the choice of the reference atomic c
figuration.

The all-electron results for the spin moments, by
dominated by theird-electron part, are fairly well reproduce
using USPP, the errors are 3% for Fe and 1% for Co and
The computed spin moment pressure derivatives] lnMs/]P
are given in Table VI and compare well with the results
Moruzzi, Janak, and Williams57 of ] lnMs/]P520.49,
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20.17 and20.21 mbar21 for bcc Fe, fcc Co and Ni, respec
tively. Comparison with experimental values58 as shown in
Table VI is also satisfactory, even though the pressure
pendence of orbital moments is not included in this wo
We want to point out that the choice for the spin interpo
tion of the LSD correlation energy may change the spin m
ment slightly. With the PZ-CA parametrization the spin m
ment is 2.05mB for bcc Fe~1.52mB for hcp Co!, whereas the
VWN increases the spin moment to 2.11mB ~1.53mB).

For all studied magnetic metals we note a good agreem
between the USPP and all-electron spin-polarized densit
states and band structures.59,60,57,55As seen from Fig. 6 the
spin-polarized USPP bands cannot be modeled by rig
shifting the paramagnetic band structure with an appropr
exchange splittingj. On a coarse scale both majority an
minority DOS functions look similar, but looking in detail
there are larger differences in Fe, while in Ni the differenc
are relatively small. A comparison of selected exchan
splitting and eigenvalues obtained using USPP and FLA
methods is given in Table VII for the LSD and GGA func
tional. The width of the 3d bands in Fe including unoccupie
states is estimated by the differenceE(N3)-E(N1).61 We find
a width of 5.2 eV for the majority spin and a width of 6.1 e
for the minority spin in agreement with all-electro
results.59,62,61Moreover, the computed LSD~GGA! ratio of
N↑(eF)/N↓(eF)5 3.28 ~3.40! is consistent with the full-
potential values of 3.14~3.27! ~Ref. 59! and this good agree
ment is also maintained for the total DOS which ateF is 1.07
~1.10! states/eV/atom.

2. LSD versus GGA using ultrasoft pseudopotential

Figure 7 summarizes the comparison between the L
and GGA functional using USPP’s for the phase stabili
equilibrium volumes, and bulk moduli of the solid phases
Fe, Co, and Ni. In agreement with previous work23,24 it is
found that GGA increases the calculated equilibrium v
umes, and reduces the bulk moduli, improving the agreem
with experiment for 3d elements and correctly predicts fo
Fe the FM bcc structure as the ground state.

Large volume FM phases are favored by GGA more th
low volume AF or NM phases. This is because spin-dens
inhomogeneities become rather important when volumes
large ~as in bcc Fe and Co!, leading to larger gradient cor
rections. GGA therefore leads to a nonuniform increase
the magnetic energy as shown in Fig. 8. It leads also t
general lattice expansion~correlated with the respectiv
magnetic state! and to a smaller bulk modulus for all studie
systems. In the case of Fe, the stabilization of the bcc ph
arises almost entirely from the enhancement of the magn
energy while the total energy difference between param
netic fcc-bcc crystal structureDEs is very little influenced by
the nonlocal corrections; for FeDEs525.0 mRy/atom using
LSD andDEs523.7 mRy/atom using GGA corrections~see
Fig. 8!.

The relative changes in the equilibrium atomic volum
(DV/V) calculated using LSD and GGA functionals va
from 10 to 8% for the FM phases going from Fe to Co a
Ni. DV/V decreases for the NM phases to about 7% but
a given material it does not depend on the type of structu
The softening of the bulk modulus is illustrated in Fig.
GGA corrects all the LSD error ofB0 for the stable crystal
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TABLE V. Calculated equilibrium lattice constant (a0), bulk modulus (B0), magnetic moment (M0), and
cohesive energy (Ecoh) for bcc FM Fe, hcp and fcc FM Co, and fcc FM Ni. USPP results for the LSD
GGA approximation are compared with previous calculations and experiment. The GGA results
parentheses. For each calculation are also listed the abbreviations for the exchange-correlation type
the USPP ps1 reproduces the 4s13d7 and ps2 the 3p64s13d7 atomic configurations.

Metal Method xc type a0 B0 M0 Ecoh

LSD ~GGA! ~Å! ~Mbar! (mB) ~eV!

LMTO a CA-PZ ~PW91! 2.77 ~2.85! 2.64 ~1.82! 2.07 ~2.29!
FLAPW b VWN 2.76 2.66 2.08
FLAPW c HL-vBH ~PW86! 2.76 ~2.88! 2.51 ~1.82! 2.19 ~2.13!
FLAPW d ~PW91! ~2.84! ~1.86! ~2.17!
FLMTO e VWN 2.77 2.52 2.02 7.73
LAPW f HL-vBH ~PW91! 2.75 ~2.83! 2.55 ~1.72! 2.04 ~2.17!

bcc Fe LCAOg CA-PZ ~PW86! 2.78 ~2.88! 2.64 ~1.74! 2.08 ~2.20! 7.32 ~6.31!
NCPPh CA-PZ ~PW91! 2.76 ~2.86! 2.26 ~1.69! 2.01 ~2.32!

This work ~ps1! CA-PZ ~PW91! 2.76 ~2.86! 2.35 ~1.55! 2.05 ~2.32! 6.47 ~5.15!
This work ~ps2! ~PW91! ~2.87! ~1.66! ~2.24! ~5.20!

Exp i 2.87 1.68 2.22 4.28

LMTO a CA-PZ ~PW91! 2.45 ~2.52! 2.73 ~2.24! 1.53 ~1.61!
hcp Co This work CA-PZ ~PW91! 2.45 ~2.51! 2.42 ~2.05! 1.52 ~1.61! 6.88 5.62

Exp j 2.51 1.91 1.72 4.39

LCAO g CA-PZ ~PW86! 3.44 ~3.56! 2.68 ~2.14! 1.50 ~1.63! 5.98 ~4.52!
NCPPh CA-PZ ~PW91! 3.44 ~3.54! 2.37 ~2.04! 1.49 ~1.66!
LMTO a CA-PZ ~PW91! 3.44 ~3.53! 2.70 ~2.37! 1.52 ~1.63!
LAPW i HL-vBH 3.43 2.69 1.6

fcc Co This work CA-PZ ~PW91! 3.45 ~3.52! 2.42 ~2.05! 1.52 ~1.60!
Exp j 3.54

LMTO a CA-PZ ~PW91! 3.44 ~3.53! 2.46 ~1.92! 0.60 ~0.62!
FLAPW d ~PW91! ~3.52! ~2.00! ~0.60!
LCAO g CA-PZ ~PW86! 3.42 ~3.56! 2.50 ~2.08! 0.59 ~0.65! 5.45 ~4.18!
NCPPh CA-PZ ~PW91! 3.44 ~3.53! 2.39 ~1.92! 0.60 ~0.64!

fcc Ni This work CA-PZ ~PW91! 3.43 ~3.53! 2.55 ~1.95! 0.59 ~0.61! 6.09 ~4.93!
Exp j 3.52 1.86 0.61 4.44

aReference 24.
bReference 62.
cReference 59.
dReference 76.
eReference 66.

fReference 70.
gReference 77.
hReference 27.
iReference 72.
jReference 78.
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structure and modifies the elastic properties of some m
stable phases in the fcc environment, because of the tend
of the GGA to stabilize magnetic ordering. For Co and N
LSD and GGA predict the correct ground state but GG
leads to a better agreement with experiment for the equ
rium properties.

The LSD cohesive energyEcoh for Fe, Co, and Ni is sys-
tematically overestimated by about 2.2, 2.5 and 1.6 eV/a
with respect to experiment. GGA corrections improve t
prediction for all elements by reducing the LSD errors
about 1.3 to 1.1 eV/atom. The remaining discrepancy w
experiment~of about 1.0 eV/atom for Fe to 0.5 eV/atom fo
Ni! may be overcome by improving the calculation of t
total energy of the respective atoms~and its nonspherica
multiplet states!, through the use of orbital dependent pote
a-
cy

,

-

m
e

h
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tials such as self-interactions corrections45 ~see also Sec
III A !.

Table VI summarizes the LSD and GGA USPP calcu
tions for different magnetic properties of bcc Fe, hcp Co, a
fcc Ni. Nonlocal corrections emphasize the tendency towa
spontaneous magnetizations, however the GGA effect on
spin magnetic moments is very small if compared to
associated magnetic energy corrections. The pressure de
dence of the spin moment (] lnMs/]P) near the equilibrium
for the ground state structure is nearly unaffected by GG
This can also be seen from Fig. 9 where the LSD and G
computed magnetic moments are plotted at different volum
for the FM phases of bcc, fcc, and hcp Fe, Co, and Ni. T
magnetic moment for bcc Fe, hcp Co and fcc Ni is sta
also at very high pressure. Consistent with previo
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TABLE VI. Magnetic properties of bcc Fe, hcp Co, and fcc Ni using LSD and GGA USPP.
local-spin moment per atomMs and the density of states~for up and down spin! N(eF) are computed at the
experimental equilibrium lattice constanta0. The pressure derivative] lnMs /]P is calculated at the respectiv
LSD and GGA theoretical equilibrium position. For FM bcc Fe two GGA USPP have been considered~USPP
including 3p states in parenthesis!.

Units Fe bcc Co hcp Ni fcc
LSD GGA exp LSD GGA exp LSD GGA exp

a0 Å 2.866 2.507 3.524
Ms mB/atom 2.23 2.33~2.24! 2.22a 1.58 1.62 1.72a 0.60 0.62 0.61a

] lnMs /]lnV 0.85 0.86~0.78! 0.50 0.45 0.51 0.50
] lnMs /]P 1/ Mbar21 -0.36 -0.55~-0.48! -0.33b -0.20 -0.22 -0.22b -0.20 -0.26 -0.29b

N↑(eF) states/eV atom 0.82 0.75~0.85! 0.15 0.14 0.18 0.16
N↓(eF) states/eV atom 0.25 0.27~0.25! 0.74 0.74 1.70 1.65

aReference 78.
bReference 58.
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investigations63 in Co the hcp and bcc structures mainta
FM ordering at much higher pressure than does the fcc ph
while in Ni the FM phase of the bcc structure becomes
stable at low pressure. The magnetic moments in Fe, Co,
Ni are reasonably well described with an USPP. For bcc
and the USPP without semicore states~ps1! GGA overesti-
mates the spin moment (M52.33mB) and the exchange
splitting of the uppermost 3d bands (jmax) is 3.0 eV. The
quality of the pseudopotential improves substantially wh
one describes the semicore electrons self consistently~ps2!.
The exchange splittingjmax in this case reduces from 3.0 e
to 2.8 eV and the spin moment reduces to 2.24mB . More-
over, if one considers thePW911 approximation, including
corrections of the gradient of the local-spin polarizati
(¹z), M0 reduces to 2.20mB .

For bcc, fcc, and hcp FM Co, at their equilibrium positio
the calculated LSD~GGA! spin moment are 1.65~1.74!, 1.55
~1.64!, and 1.51~1.61! mB per atom. For hcp Co the exper
mental moment is 1.72mB . This difference is explained by
the estimated large orbital magnetic moment that is aro
0.15mB/atom.64 For fcc Ni, we found a LSD~GGA! spin
se
-
nd
e

n

d

local moment of 0.59 (0.61), while for bcc Ni a smalle
magnetic moment of 0.43~0.53! mB is obtained.

The GGA band structure is similar to the LSD one for
studied systems. A comparison of the eigenvalues calcul
using both functional for few selected symmetry points
bcc Fe and fcc Ni is given in Table VII. For the exchan
splitting the GGA brings only marginal corrections. Th
main effect is a general enhancement of the splitting od
states correlated with the increase of local moment an
reduction of thes-band splitting. For Fe the splitting of th
s-like G1 state is very small compared to the splitting of t
d-like G258 and G12 states and may become nearly zero
negative when GGA corrections are included. The nonsp
ricity of the potential influences the exchange splitting of t
G12 and G258 d states. In a muffin-tin approach they are e
pected to be quite similar while using the USPP we obse
a large differences~0.49 eV with LSD!, in good agreemen
with FLAPW calculations~0.52 eV!. The enhancement o
the G12 splitting and in particular with respect to theG258
splitting by the GGA functional is also well reproduced.
lated with
spin.
FIG. 6. Band structure for ferromagnetic bcc Fe and fcc Ni at the experimental lattice parameters. These bands have been calcu
the USPP and with the LSD approximation. The heavy curves are the majority spin bands while the light curves are for minority
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TABLE VII. Computed exchange splittings (j) and majority spin band energiese ~relative to the Fermi
energy! at selected symmetry points for bcc Fe and fcc Ni at their experimental lattice parameter.
results are compared with all-electron values for both LSD and GGA functionals. The abbreviations
exchange-correlation type are also listed. The abbreviation ps1 denotes the USPP for the 4s13d7 atomic
configuration while ps2 includes also 3p semicore states. The ps2 results are in parentheses.

Iron
LCAO a FLAPW This work

~HL-vBH! ~HL-vBH! ~PW86! ~CA-PZ! ~PW91!
ps1 ~ps2! ~ps2!

j(G1) 0.17 0.42 -0.05 0.37~0.37! ~0.18!
j(G258 ) 1.82 1.90 1.69 1.96~1.90! ~2.09!
j(G12) 2.18 2.42 2.57 2.45~2.39! ~2.75!
j(H12) 1.51 1.72~1.67! ~1.83!
j(H25) 2.11 2.21~2.15! ~2.36!
j(P4) 1.34 1.47 1.16 1.50~1.45! ~1.50!
j(P3) 2.10 2.49 2.65 2.52~2.46! ~2.84!
j(N1) 1.30 1.34~1.30! ~1.35!
j(N2) 1.65 1.78~1.73! ~1.88!
e(G1) -8.12 -8.47 -8.25 -8.34~-8.51! ~-8.34!
e(G258 ) -2.25 -2.27 -2.18 -2.26~-2.28! ~-2.28!
e(G12) -0.86 -0.96 -1.03 -0.97~-0.97! ~-1.02!
e(P4) -3.17 -3.20 -3.07 -3.17~-3.22! ~-3.17!
e(P3) -0.53 -0.75 -0.82 -0.75~-0.75! ~-0.81!

Nickel
LCAO c This work
~vBH! ~CA-PZ! ~PW91!

j(L3) 0.60 0.65 0.76
e(L3) -0.47 -0.51 -0.62
e(X5) -0.30 -0.37 -0.49

aReference 61.
bReference 59.
cReference 60.
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B. Structural properties

We will now investigate in more detail the accuracy
our USPP for predictingstructural properties of Fe, Co, and
Ni using both LSD and GGA functional. First, we compa
our results to previous all-electron calculations. Second,
describe the GGA effects on different magnetic phases
as an application of the interplay between magnetism, p
sure, and structure we illustrate the competitions between
NM, FM, and AF ordering at different volumes for the bc
fcc, and hcp structures of Fe. Finally, we describe paths
tetragonal states of Fe, Co, and Ni between the magnetic
and bcc structure at a different pressure to test the accu
of the USPP in describing the relative structural stability.

1. Comparison of USPP and AE results

The computed total energy difference with respect to
magnetic ground state, the equilibrium atomic volume, a
the bulk modulus for the bcc, fcc, and hcp structures of
Co, and Ni are compared to other calculations in Table V
This comparison demonstrates the accuracy of the USP
predicting not only the equilibrium and bulk properties b
e
nd
s-
he

of
cc
cy

e
d
,

.
in

t

also the structural energy differences between different m
netic configurations. Trends in structural magnetic ene
differences are well reproduced, and the differences betw
USPP and AE methods are of the same magnitudes as
differences between full-potential linear muffin-tin orbita
~FLMTO! and FLAPW. For the fcc and hcp structures, th
total energy differences~like in Co! are of the order of ab-
solute accuracy of first-principle methods.

For the NM phases of Fe, Co and Ni the errors of US
calculations with respect to full-potential calculations62,65,66

are below60.01 Å for the equilibrium lattice constant, i
the 60.1 Mbar range for the bulk modulus and below
mRy/atom for the structural energy. Slightly larger diffe
ences are found for the structural energy differences betw
the magnetic bcc and fcc, and bcc and hcp structures. T
errors are mainly related to the non self-consistent treatm
of the core valence overlapping. Selected magnetic
structural energies for iron computed using LSD and GG
functional are given in Table IX and compared to other c
culations.

For the studied systems a different choice of the sp
dependent correlation energy induces differences of 1 t
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mRy/atom in the magnetic energy using an USPP, simila
to the FLAPW results of Jansen and Peng,67 and indirectly a
decrease of the bulk modulus and changes in the local-
moment. The largest effects of the spin parametrization c
cern the magnetic energy of bcc Fe~bcc Co! and the respec
tive bcc-hcp and bcc-fcc structural energies difference.

Using GGA USPP calculations we have also studied
effect of including 3p states on the energetics of Fe. Witho
semicore states we found that the bcc FM phase is lowe

FIG. 7. Comparison between LSD and GGA for the structu
properties of Fe, Co, and Ni.~a! hcp-fcc ~filled diamonds! and
bcc-fcc ~squares! structural energy differences for the magne
low-energy phases of Fe, Co, and Ni;~b! equilibrium volumes; and
~c! bulk modulus of the magnetic low-energy phases of Fe, Co,
Ni for the bcc, hcp, and fcc structure.

FIG. 8. Comparison between LSD and GGA for magnetic a
paramagnetic total energy differences.~a! Differences in total en-
ergy between the FM and NM phases for the bcc, fcc, and
structure at their equilibrium lattice constant.~c! hcp-fcc~filled dia-
monds! and bcc-fcc~squares! structural energy differences betwee
the NM phases of Fe, Co, and Ni.
ly

in
n-

e
t
in

energy than the fcc NM phase by 17.7 mRy, while treat
the 3p electrons as valence states reduces the total en
difference to 12.9 mRy. This value agrees with an error o
mRy with the full-potential estimations of Abrikosovet al.68

and of Singhet al.,59 and is 2 mRy smaller than recent norm
conserving pseudopotential calculations of Cho a
Scheffler27 which use however the LAPW method to de
efficiently with the full core electron density but do not u
semicore states.

The computed pressure-volume equations of state69 for
hcp Fe agree very well in the range of pressures from 0.
3.0 Mbar with experiment by including semicore states
fects. Without including the semicore states the theoret
pressure is about 7% smaller than the experimental value
pressure larger than 1 Mbar. Under zero pressure the gro
state of Fe is bcc FM and the hcp structure becomes st
above a critical pressure of 170 kbar, which is in the range
the measured pressures of 130–150 kbar69 and is in a non-
magnetic state. The GGA relaxedc/a ratio for the NM hcp
structure is of 1.58 consistent with previous LDA results.66,65

2. Magnetic phases of Fe and Co

To give an example of competition between differe
magnetic structures we show in Fig. 10 the total energies
local magnetic moments of FM, AF, and NM states of bc
fcc, and hcp Fe versus atomic volume. These results h
been obtained using the USPP which includes the semi
states and the GGA approximation. Neglecting the s

l

d

d

p

FIG. 9. Magnetic moment (M ) for the ferromagnetic~FM!
phases of bcc, hcp, and fcc Fe, Co, and Ni as a function of
volumeV. Comparison between~a! LSD and~b! GGA USPP cal-
culations.
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TABLE VIII. Structural properties of Fe, Co, and Ni. Comparison between USPP and others calcul
using the LSD approximation. The structural energies (E2EFM), the equilibrium atomic volume (V0), and
the bulk modulus (B0) are expressed in mRy/atom , Å3, and Mbar units, respectively.

Iron
Method
~xc type! FM NM NM NM

bcc bcc fcc hcp

This work E2Ebcc
FM 0.0 22.4 -2.6 -8.9

~ps1! V0 10.54 9.89 9.69 9.63
~CA-PZ! B0 2.35 3.08 3.31 3.28

FLAPW a E2Ebcc
FM 0.0 21.0 -4.0

~VWN! V0 10.48 9.83 9.62
B0 2.66 3.14 3.44

FLMTO b E2Ebcc
FM 0.0 19.5 -5.9 -7.9

~VWN! V0 10.60 9.95 9.65
B0 2.52 3.20

Cobalt

Method FM FM FM
~xc type! bcc fcc hcp

This work E2Ehcp
FM 12.0 1.5 0.0

~CA-PZ! V0 10.31 10.17 10.14
B0 2.49 2.54 2.52

LAPW c E-Ehcp
FM 10.9 2.0 0.0

~HL-vBH! V0 10.28 10.09
B0 2.54 2.69

LMTO d E2Ehcp
FM 8.2 2.2 0.0

~CA-PZ! V0 10.39 10.20 10.20
B0 2.71 2.98 2.74

Nickel

Method FM FM FM
~xc type! bcc fcc hcp

This work E2Efcc
FM 7.6 0.0 1.6

~CA-PZ! V0 10.21 10.12 10.16
B0 2.39 2.56 2.45

FLMTO b E2Efcc
FM 5.9 0.0

LMTO d E2Efcc
FM 2.8 0.0

~CA-PZ! V0 10.18 10.21
B0 2.65 2.71

aReference 62.
bReference 66.
cReference 72.
dReference 24.
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TABLE IX. Energetics of Fe. Comparison between USPP and others calculations with LSD and
approximation.DEs is the total energy difference of NM bcc and NM fcc phases,DEs

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

Metal Method xc type DEs DEs
m DEm

LSD ~GGA!

LMTO a CA-PZ ~PW91! 22.0 ~20.8! 4.5 ~-10.4! 17.5 ~31.2!
FPLMTO b VWN 5.9 19.5

Fe FLAPW c HL-vBH ~PW86! 25.8 ~21.2! 4.1 ~-13.9! 21.7 ~35.1!
FLAPW d VWN 27.0 6.0 21.0
NCPPe CA-PZ ~PW91! 24.6 ~23.1! 4.4 ~-14.9! 20.2 ~38.0!

This work ~ps1! CA-PZ ~PW91! 25.0 ~22.9! 2.6 ~-17.7! 22.4 ~40.6!
This work ~ps2! CA-PZ ~PW91! ~23.7! ~-12.9! ~36.6!

aReference 24.
bReference 66.
cReference 59.
dReference 62.
eReference 27.
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consistent description of semicore states we obtain the s
magnetic phase diagram and volume dependence, how
the magnetic energies of the AF and FM phases are enha
by about 1 and 3 mRy/atom, respectively. As examples
the most usual AF states, the AF1 and AF2 antiferrom
netic configurations@which can be described as superlattic
of period p51 and layer orientationG5(001) and
G5(111), respectively# are computed. The total energie
have been computed without constraining the magnetic
ments and low-spin ferromagnetic configurations for fcc
are not shown in Fig. 10. The studied magnetic phases

FIG. 10. Total energy per atom for nonmagnetic NM, antifer
magnetic~AF1,AF2! and ferromagnetic~FM! phases of bcc, fcc
and hcp Fe as a function of the volume relative to the FM b
ground state energy. These total energy results refer to the U
calculations including 3p states and with GGA approximation.
e
ver
ed
f
-

s

o-
e
re

more stable than the respective NM phases. The relative
erarchy between the FM, AF1 and AF2 magnetic configu
tions depends on the volume and the basic crystal struct
Their total energy differences change considerably along
tragonal paths. GGA corrections enhance the magnetic e
gies of the studied magnetic configurations but do not aff
the critical volume range in fcc Fe where the AF-FM tran
tion occurs. The fcc-hcp crossover is possible as shown
Fig. 10 by increasing the volume. At a small volume, hcp
is more stable than NM fcc Fe of about 5.8~6.3! mRy/atom
using a GGA~LDA ! approximation. At expanded volume
FM hcp Fe lies however higher in energy than FM fcc F
indicating the instability of the hcp lattice~over fcc! at high
temperature and under normal pressure condition.

Our USPP calculations predict correctly the FM h
structure as ground state for Co using both LSD and G
functionals. Unlike Cr, Mn, and Fe which have stable A
states in the fcc structure, the FM state is the most stabl
all studied structure of Co. FM hcp Co is however only 1
mRy/atom lower in energy with respect to FM fcc Co whic
is less stable than hcp and bcc crystal structure at high p
sure. The hcp-fcc structural stability depends on the m
netic state. In fact, our nonmagnetic calculations of fcc a
hcp Co predict a lower energy for the fcc structure with
hcp-fcc energy barrier of about 2 mRy/atom. The stabiliz
tion of hcp Co by magnetic ordering that we recover us
both LSD and GGA functionals is consistent with previo
LMTO LSD results of Min, Oguchi, and Freeman63 and also
with more recent GGA FPLMTO calculations of Abrikoso
et al.68 which explain these anomalous structural compe
tions in terms of a canonical spin-downd-bands analysis.
The exact mechanism of the hcp-fcc structural transform
tions however is still an open problem. Moreover, in analo
with the case of bcc Fe, the relative stability of FM bcc C
over the NM fcc and hcp structure is increased when us
GGA. This effect may be of importance for a correct descr
tion of the bcc→ hcp structural transformation properties f
the Fe-Co alloy.
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3. Tetragonal states of Fe, Co, and Ni

As a final application we have tested our USPP for co
puting tetragonal states at various volumes. For describ
the elastic properties along the tetragonal path, the total
ergy of the body-centered tetragonal structure~bct! for the
FM phases of Fe has been computed for a differentc/a ratio
along the Bain path. The bcc structure corresponds
c/a51; the fcc structure toc/a5 A2. The GGA USPP tota
energies of bct Fe illustrated in Fig. 11 at different volum
(V5ca2/2! compare well with the GGA LAPW results dis
played in Fig. 3~b! of Ref. 70. Both bcc and fcc structure a
found to be elastically stable under normal pressure co
tion. Along this path, at high pressure (V,8 Å 3) the bcc
crystal structure is elastically unstable with respect to a
tragonal strain towards the global minimum in the fcc stru
ture or towards the local minima of a tetragonal unit cell w
c/a50.88. The Fe magnetic moment for bct Fe is not co
stant along the Bain path and depends sensibly on the p
sure andc/a ratio. At high pressure and forc/a, 1.3 the
moment is still large affecting the respectivePDV term of
the fcc-bcc Gibbs energy difference.71

Differently to Fe, along the tetragonal path for both C
and Ni the stable cubic structure is fcc (c/a5A2) with
afcc52.5 Å; the bcc crystal structure correspond to the sad
point ~with a52.82 Åfor Co anda52.81 Åfor Ni! and a
metastable tetragonal structure is found atc/a50.92 for Co

FIG. 11. Total energy change along the tetragonal distortion
the Bain path of bct Fe, Co, and Ni at different atomic volumes~in
Å 3). These energy are obtained using USPP and the GGA app
mation.
-
g
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to

s
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-
-

-
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le

and c/a50.95 for Ni at constantV511 Å3. The elastic
properties of bct Co versusc/a ratio are in good agreemen
with previous LSD LAPW investigations of Liu and Singh.72

Using GGA, we found only a slightly smaller bcc-fcc energ
barrier of 5.6 mRy.

Finally, all these results indicate that our USPP allow
an accurate description~as full-potential methods! of elastic
instability and structural energies between different magn
configurations and different structure. We believe that th
USPP may be used in the future for testing the spin dep
dence of new exchange-correlation potentials, and in com
nation with finite temperature models may also be used
quantify the importance of different type of thermal ma
netic excitations for fcc Fe and Co at high temperature.73

VII. CONCLUSION

In this paper, we have shown that spin polarized calcu
tions employing ultrasoft pseudopotentials can be used
ciently to study the magnetic and structural behavior of m
netic systems with an accuracy comparable to the best
electron methods. More specifically, we have shown that
USPP approach is able to accurately reproduce all-elec
results within both the LSD and GGA schemes and we h
also shown that nonlinear core corrections in the treatmen
the exchange-correlation energy are necessary for descr
correctly the magnetic properties. These ultrasoft pseudo
tentials use very modest energy cutoffs, if compared to s
dard soft normconserving pseudopotentials and are desig
for very accurate spin-polarizedab initio electronic structure
calculations.

We have applied these USPP to study the equilibri
properties and the magnetic behavior of Fe, Co, and N
different environments, ranging from the free atoms ov
dimers and monolayers to the solid phases. We have fo
that, except for the atoms, in all other studied systems
GGA functional~in the PW91 form! is able to correct mos
of the LSD errors. Moreover, the transferability of the
pseudopotentials has also been tested by studying the s
tural instability at high pressure and to compute the ene
differences between various magnetic structures. For Fe
usage of the GGA functional and inclusion of the 3p semi-
core states has led to the best overall pseudopotentia
high-pressure applications and to accurate magnetization
ergies.

The accuracy of these USPP is comparable to f
potential all-electron methods and at the level of being a
to discuss phase stability on a 1 mRy/atom scale. They m
be used very efficiently in combination withab initio mo-
lecular dynamic programs, with fixed-spin-mome
schemes73 or with cluster expansion techniques74 for the
study of electronic structure, relaxation properties, surf
magnetism, and magnetism in amorphous systems.
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