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We present systematic total energy calculations for metals~Al, Fe, Ni, Cu, Rh, Pd, and Ag! and semicon-
ductors~C, Si, Ge, GaAs, InSb, ZnSe, and CdTe!, based on the all-electron full-potential~FP! Korringa-Kohn-
Rostoker Green’s-function method, using density-functional theory. We show that the calculated lattice pa-
rameters and bulk moduli are in excellent agreement with calculated results obtained by other FP methods, in
particular, the full-potential linear augmented-plane-wave method. We also investigate the difference between
the local-spin-density approximation~LSDA! and the generalized-gradient approximation~GGA! of Perdew
and Wang~PW91!, and find that the GGA corrects the deficiencies of the LSDA for metals, i.e., the underes-
timation of equilibrium lattice parameters and the overestimation of bulk moduli. On the other hand, for
semiconductors the GGA gives no significant improvement over the LSDA. We also discuss that a perturbative
GGA treatment based on FP-LSDA spin densities gives very accurate total energies. Further, we demonstrate
that the accuracy of structural properties obtained by FP-LSDA and FP-GGA calculations can also be achieved
in the calculations with spherical potentials, provided that the full spin densities are calculated and all Coulomb
and exchange integrals over the Wigner-Seitz cell, occurring in the double-counting contributions of the total
energy, are correctly evaluated.@S0163-1829~99!15331-1#
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I. INTRODUCTION

The Korringa-Kohn-Rostoker~KKR! method of band-
structure calculations was introduced over 50 years ago
Korringa1 and some years later by Kohn and Rostoker.2 A
characteristic feature of this method is the use of multi
scattering theory, which leads to a beautiful separation
potential and structural properties. As a disadvantage,
method is complicated and demanding from a numer
point of view and as a band-structure method it was there
soon overtaken by the more efficient linearized metho
such as the linearized muffin-tin-orbital method3 ~LMTO!
and the linearized augmented-plane-wave method~LAPW!.4

In the past two decades, the method experienced a reviv
a Green’s-function method, to which the advantages of
earization no longer apply. Due to the complex energy in
gration, Green’s-function~GF! methods, in particular the
KKR-GF method, are computationally very efficient and a
able to solve the geometry problem of an impurity in t
bulk5 or on a clean surface6 without replacing it by an ersat
geometry such as a finite cluster or a supercell. Moreo
the availability of the Green’s function allows application
linear-response problems, to disordered alloys by using,
the coherent potential approximation~CPA!, and to transport
problems.7

A limitation of the original KKR method is the restrictio
to central potentials of muffin-tin or atomic-sphere form. T
extension of the KKR method into a full-potential schem
has been extensively and controversially discussed in
PRB 600163-1829/99/60~8!/5202~9!/$15.00
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literature.8 Now it is generally accepted that this represe
no problem in principle and several realizations of fu
potential KKR codes exist.5,9–14Here we use the implemen
tation of Drittler et al., which has been extensively used
impurity calculations.5,9–11It consists of a Wigner-Seitz par
titioning of the whole space, thus eliminating the interstit
region from the formalism. All relevant quantities, i.e
charge density, Kohn-Sham potential, and Green’s funct
are expanded into angular momenta in each cell. A relati
tic extension of this full-potential KKR~FPKKR! scheme
has recently been presented by Huhneet al.15

The main aim of the present paper is to demonstrate
this full-potential KKR formalism is very accurate and th
the accuracy is comparable to that of the full-potent
LAPW ~FLAPW! method, which in this respect represen
the state of the art in electronic-structure calculations~Sec.
III !. For this purpose we performedab initio calculations for
the equilibrium lattice parametersa and the bulk moduliB of
a series of selected metals and semiconductors. As meta
choose the simple metal Al, the noble metals Cu and Ag,
3d ferromagnets Fe and Ni, and 4d metals Rh and Pd. In
addition, we give results for the elemental semiconductors
Si, and Ge, the III-V compound semiconductors GaAs a
InSb, and the II-VI compound semiconductors ZnSe a
CdTe. For a comparison with FLAPW results, two of
~T.A. and S.B.! have performed calculations with the Ju¨lich
FLAPW code for the considered metals.

This paper also has, however, some additional aims. F
we examine the recent development of density-functio
5202 ©1999 The American Physical Society
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theory.16,17 For this purpose all calculations are perform
both in the local-spin-density approximation18–21 ~LSDA!
and in the generalized-gradient approximation proposed
Perdew and Wang~PW91-GGA!.22,23 In agreement with
other authors,24 we find for the transition metals, in particula
the 3d metals, that the underestimation of the lattice para
eters and the overestimation of the bulk moduli, being
characteristic result of the LSDA, are corrected very well
the GGA ~Sec. III!. On the other hand, for semiconducto
the GGA gives no significant improvement, since the latt
parameters slightly improve while the bulk moduli becom
worse~Sec. IV!.

Second, we discuss in this paper the accuracy of ‘‘fu
charge’’ compared to ‘‘full-potential’’ calculations.25,26 The
full-charge calculations use a spherical potential. Howev
the fully anisotropic charge density is calculated and use
the determination of the spherical potential as well as in
evaluation of the Coulomb and exchange correction con
bution to the total energies. In general, we find that for
total energies practically the same accuracy can be obta
as in full-potential calculations, but with a considerably r
duced effort~Sec. V!.

Finally we discuss a perturbative treatment of the grad
corrections~GC!, where the GGA total energy functional
evaluated with self-consistent LSDA spin densities as inp
This avoids the slowly converging self-consistency iteratio
for the GGA Kohn-Sham equations, and yields, as we w
show, the same accuracy of the total energies as a fully s
consistent GGA treatment does~Sec. VI!. Section VII sum-
marizes the main results.

II. METHOD OF CALCULATIONS

All the calculations presented here are based on den
functional theory16,17 in the local-spin-density approxima
tion18–21 ~LSDA! and the generalized-gradient approxim
tion ~PW91-GGA! proposed by Perdew and Wang.22,23 To
solve the Kohn-Sham equations, we use multiple-scatte
theory in the form of the KKR Green’s-function method f
full potentials, developed by Drittleret al.5,9–11This method
is shortly sketched in the following.

In a multiple-scattering treatment, one represents the c
tal potential as a sum of nonoverlapping cellular potent
which fill up the space completely. The Green’s functi
G(r1Rn,r 81Rn8) of this system can be written in a cel
centered representation as5,9–11

G~r1Rn,r 81Rn8;E!5AEdnn8(
L

HL
n~r. ;E!RL

n~r, ;E!

1(
LL8

RL
n~r ;E!GLL

nn8~E!RL8
n8~r 8;E!.

~1!

The vectorsr and r 8 are restricted to the Wigner-Seitz cel
around the atomic positionsRn andRn8, r.(r,) denotes the
larger~smaller! of the vectorsr andr 8 in absolute value, and
L5( l ,m) denotes angular momentum numbers.RL

n(r ,E) is
the solution of the single-potential-scattering problem fo
spherical wavej l(AEr)YL( r̂ ) of angular momentumL inci-
dent on the general potentialVn(r ) of cell n,27
y

-
a
y

e

-

r,
in
e
i-
e
ed
-

t

t.
s
ll
lf-

y-

-

g

s-
s

a

RL
n~r ;E!5 j l~AEr !YL~ r̂ !

1E dr 8g~r ,r 8;E!Vn~r 8!RL
n~r 8;E!. ~2!

Here j l(x) is a spherical Bessel function andYL( r̂ ) is a
spherical harmonic, whileg(r ,r 8;E) is the Green’s function
for free space given by

g~r ,r 8;E!52
exp~ iAEur2r 8u!

4pur2r 8u
. ~3!

The structural Green’s-function matrixGLL8
nn8 (E) contains all

the information of the multiple scattering and can be rela

to the analytically known structural matrixgLL8
nn8 (E) of the

free-electron Green’s function by a Dyson equation,

GLL8
nn8 ~E!5gLL8

nn8 ~E!1(
n9

(
L9L-

gLL9
nn9 ~E!tL9L-

n9 ~E!GL-L8
n9n8 ~E!.

~4!

Here tL9L-
n9 (E) are the single-scatteringt matrices to be ob-

tained from the potentialVn9(r ) inside the atomic cell cen
tered at the positionRn9. Only for spherical potentials is this
t matrix diagonal in the angular momentum indices.

For a general potential, the solution of Eq.~2! is non-
trivial. We expand the wave functionRL

n(r ,E) and the
single-cell potentialVn(r ) into spherical harmonics.5,9 By
dropping the site indicesn we write the expansion as

RL~r ,E!5(
L8

RL8L~r ,E!YL8~ r̂ !, V~r !5(
L

VL~r !YL~ r̂ !.

~5!

The nonspherical componentsVL(r ) for lÞ0 lead to a
coupled set of radial equations for the different partial wav
RL8L . These equations are conveniently solved in two ste
We first calculate the solutionsRl

0(r ;E)YL( r̂ ) for the radial
symmetric potentialVl 50(r ), which dominates the behavio
We then solve the radial integral equation for the wave fu
tions RL8L ,

RL8L~r ,E!5RL
0~r ,E!dL8L1E

0

RC
dr8r 82gl 8

0
~r ,r 8;E!

3(
L9

DvL8L9~r 8!RL9L~r 8;E!, ~6!

wheregl 8
0 (r ,r 8;E) is the radial Green’s function for the iso

tropic potentialVl 50(r ) and the integration is executed on
up to the circumscribed radiusRC of the Wigner-Seitz cell.
DvLL8(r ) is directly related to the small and purely anis
tropic part of the potential

DvLL8~r !5 (
L9Þ0

CLL8L9VL9~r !, ~7!

where theC’s are Gaunt coefficients. Due to the smallness
DvLL8(r ), we solve Eq.~6! by iteration. Usually the second
Born approximation with respect toDvLL8(r ) is completely
sufficient to obtain reliable densities. Moreover, the ani
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5204 PRB 60M. ASATO et al.
tropic potentialsDvLL8(r ) are only important in the oute
regions of the cell, say forr larger than half the muffin-tin
radius. Thus Eq.~6! must be solved only on a relativel
small number of mesh points, since in the core region, wh
many more mesh points are needed, the potential is q
isotropic. Both aspects, the second Born approximations
the restriction of the number of mesh points, reduce the c
puting time considerably, but these approximations can a
be easily avoided.

The maximum angular momentum used in the expans
of the wave functions and the Green’s functions is set
l max54, which according to our experience is sufficient
obtain well-converged results.28 This conclusion is also con
firmed from the comparison of the present calculations w
the FLAPW results discussed in Sec. III. Analogously,V(r )
of Eq. ~5! and the electron densityn(r ) include all angular
momentum coefficients up to 2l max58. In solving the Kohn-
Sham and Poisson equations, the exact form of the Wig
Seitz cell is described by a shape functionQ~r !, which
equals 1 inside the Wigner-Seitz cell and zero otherwise.
shape function is expanded into spherical harmonics,

Q~r !5(
L

QL~r !YL~ r̂ !. ~8!

The expansion coefficientsQL(r ) are calculated using th
algorithm of Stefanouet al.29,30 Only shape function coeffi-
cients up to 4l max516 are needed in the present calculatio

The electron density is calculated from the Green’s fu
tion by a contour integral in the complex energy plane.31 For
the occupation function we use a Fermi-Dirac distributi
with a finite temperature ofT5800 K for metals~T5450 K
for semiconductors!.32 The contour integral is evaluated wit
46 complex energy points in total. The Brillouin zone int
grations are performed using 146k points for the fcc struc-
ture and 91k points for the bcc structure, both of which a
in the irreducible Brillouin zone. It is noted that the lattic
structure for semiconductors is of zinc-blende type trea
with two extra empty spheres, which is also described b
fcc lattice with four basis atoms along the~111! direction.
The calculations adopt the scalar relativistic approximati
which becomes important to obtain accurate results for
4d metals.33

III. FPKKR RESULTS FOR BULK PROPERTIES
OF METALS

We discuss the calculated LSDA and PW91-GGA resu
for Al, Fe, Ni, Cu, Rh, Pd, and Ag. In the present work w
carried out the FPKKR calculations with two prescriptio
for the muffin-tin radius:~i! the muffin-tin radius being
scaled together with the value of lattice parameter~scaled
MT! and ~ii ! the muffin-tin radius being independent of th
value of the lattice parameter~fixed MT!.34 Figure 1 shows
the lattice-parameter dependence of the total energies fo
above metals, obtained by fixed-MT calculations. The ve
cal lines show the measured equilibrium lattice paramete35

In addition, Table I lists the numerical values for the latti
parametera and the bulk modulusB, obtained by fitting
Murnaghan’s equation of state36 to the calculated total ener
gies. The errors ina and B with respect to experimenta
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data35 are also shown in Figs. 2~a! and 2~b!, respectively.
Results obtained by other full-potential methods@full-
potential linearized augmented-plane-wave meth
~FLAPW! and full-potential linear muffin-tin-orbital
method24 ~FPLMTO!# as well as the experimental values a
also listed in Table I. Although the differences between
calculated results for the two kinds of muffin-tin treatmen
are very small~Da<0.02 a.u. andDB<0.04 Mbar!, as seen
in Table I, we believe that the fixed-MT results are mo
accurate than the scaled-MT ones since the numerical e
in the total-energy part due to both the integration and ren
malization of inactive core orbitals are eliminated in t
fixed-MT treatment, which uses the same mesh points ins
the muffin-tin radius. We have also checked that the cal
lated results do not change for a reasonable variation o
fixed-MT radius~;0.2 a.u.!. The calculated results can b
summarized as follows:~i! The FPKKR-LSDA and FPKKR-
GGA results, using fixed-MT’s, agree very well wit
FLAPW-LSDA and FLAPW-GGA results, both of which
use a fixed-MT procedure~Da,0.02 a.u. and DB
,0.1 Mbar!; ~ii ! the FPKKR-LSDA and FPKKR-GGA re-
sults, using scaled-MT’s, agree very well~Da,0.02 a.u. and
DB,0.02 Mbar! with FPLMTO-LSDA and FPLMTO-GGA
results, which also used scaled MT’s;~iii ! the GGA calcula-
tions correct the underestimation ofa and the overestimation
of B due to the LSDA, for all elements in Table I, in particu
lar for Al, Fe, Ni, and Cu.

In case of the LSDA, the FPKKR calculations used t
LSDA functional of von Barth and Hedin with the fitting
parameters as given by Morruzi, Janak, and Willia
~MJW!,19,20 while the FLAPW calculations refer to th
LSDA functional of von Barth and Hedin with the fitting
parameter of Hedin and Lundqvist~vBH!.18,19We found that
the differences between MJW-LSDA and vBH-LSDA resu
are very small~Da,0.02 a.u. andDB,0.05 Mbar!. Thus the
present calculations confirm the well-established effect of
gradient corrections~GC’s! to increasea and decreaseB,
leading to the nice agreement with the experimental resu
as seen in Figs. 2~a! and 2~b!. The increase ofa may be
explained by noting that the PW91-GGA functional favo
spin-density inhomogeneities. The decrease inB is strongly
related to the increase ina.

Finally, we discuss the magnetism for Ni and Fe. Figur
shows the lattice parameter dependence of the magnetic
ment and the magnetic energy of Fe, obtained by the
LSDA and FP-GGA calculations~s,d!. For Fe, the mag-
netic moment does not change due to the GC’s, but the
polarization energy strongly increases by;0.1 eV, which
leads to the prediction of the correct ground-state structur
Fe. This result agrees with the result obtained by FLAP
calculations.37 However, it is also noted in Fig. 3~a! that, in
contrast to the result obtained by the FP calculations,
GGA calculations based on the atomic-sphere-approxima
~ASA! ~j! show a significant enhancement of the magne
zation over the LSDA~h!, as has been discussed in Ref. 3
It is also seen in Fig. 3~b! that in the ASA the increase in th
spin polarization energy is small~;0.05 eV!, compared with
the FP calculations~;0.1 eV!. Thus it may be concluded
that the FP calculations are indeed needed in order to in
tigate the GC effect on the magnetic properties of Fe, wh
are determined to a large extent by anisotropic spin dens
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FIG. 1. Structural energy-lattice parameter curves for Al, Fe, Ni, Cu, Rh, Pd, and Ag, obtained by LSDA@~a!–~d!, ~i!–~k!, closed circles#
and GGA@~e!–~h!, ~l!–~n!, closed circles#. The non-SC-GGA calculation results are also shown~open circles!. See the text~Sec. V! for
details.
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and their GC part. As seen in Fig. 4, in the case of Ni the
calculations decrease the magnetic moments and increas
magnetic energies, compared to results of ASA calculat
Contrary to the results for Fe, the GC effect for Ni is sm
~;0.01 eV! and almost same in FP and ASA calculatio
since the anisotropic part of the Ni potential is not large. W
also discuss in Sec. VI the fact that, compared with the
calculated results, the ASA approximation overestimates
lattice parameter for Fe, as discussed in Refs. 37 and 38
underestimates the lattice parameter of Ni.

IV. FPKKR RESULTS FOR BULK PROPERTIES
OF SEMICONDUCTORS

Here we compare the results of the FPKKR calculatio
for the elemental semiconductors~C, Si, Ge! and compound
semiconductors~GaAs, InSb, ZnSe, CdTe!, crystallizing in
diamond or zinc-blende-type structure, with all-electr
FLAPW calculations39 and experiments.40 The LSDA calcu-
lations were performed with the parametrization of Vosk
Wilk, and Nusair ~VWN!,21 contrary to the MJW
functional20 used for metals. We have checked that the d
ferences between the calculated results of VWN-LSDA a
MJW-LSDA are very small. The present GGA calculatio
use the perturbative approach, described in Sec. V, wh
exploits the variational property of the total energy. Table
shows the results for the equilibrium lattice parameters
P
the

n.
l

e
P
e
ut

s

,

-
d

h
I
d

bulk moduli calculated in the LSDA and GGA, by using th
same fitting process as described in Sec. III.36 All calcula-
tions were performed with fixed muffin-tin radii. Conside
ing the different parameterizations for the exchang
correlation energy functional used in both methods, o
LSDA results for the equilibrium lattice parameters and bu
moduli are in good agreement with FLAPW results,39 as seen
in Table II. The FPKKR-GGA results agree very well wit
the FLAPW-GGA results, both using the PW91-GGA. Co
trary to the trend to underestimate the lattice parameter
the LSDA, the GGA calculations overestimate the expe
mental results40 for all semiconductors considered here,
can be seen from Fig. 5~a!. While the LSDA results for the
elemental semiconductors differ less than 1.5% from exp
mental data, the values for compound semiconductors d
ate in a range from 1% to 2.8%. Overall, the lattice para
eters with the GGA functional are in better agreement w
the experimental data and the deviation is smaller than 1
for all cases. On the other hand, the GGA calculations g
lower values for the bulk moduli for all elements, as seen
Fig. 5~b!. Since for the elemental semiconductors the LSD
already underestimates the experimental data, the GGA tr
ment makes the result worse. For the compound semicon
tors, the LSDA calculations overestimate the experimen
bulk moduli, while the GGA calculations underestima
them, such that both calculations show approximately
same deviation from the experiment.
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TABLE I. LSDA and PW91-GGA results for equilibrium lattice constanta and bulk modulusB, obtained
by the full-potential KKR Green’s-function method. The experimental results~Ref. 35! as well as calculated
results obtained by other full-potential methods are also shown for a comparison.

Al Fe Ni Cu Rh Pd Ag
a ~a.u.!

FPKKR-LSDA ~scaled MT! 7.55 5.22 6.48 6.65 7.11 7.27 7.56
FPKKR-LSDA ~fixed MT! 7.52 5.20 6.46 6.63 7.09 7.24 7.53
FLAPW-LSDA 7.51 5.18 6.46 6.63 7.09 7.25 7.54
FPLMTO-LSDAa 7.11 7.25
FPKKR-GGA ~scaled MT! 7.67 5.37 6.66 6.86 7.26 7.46 7.82
FPKKR-GGA ~fixed MT! 7.64 5.34 6.63 6.84 7.22 7.43 7.79
FLAPW-GGA 7.65 5.34 6.64 6.85 7.24 7.45 7.82
FPLMTO-GGAa 7.26 7.45

Experiment 7.65 5.42 6.66 6.84 7.19 7.35 7.72

B ~Mbar!

FPKKR-LSDA ~scaled MT! 0.83 2.41 2.53 1.89 3.15 2.27 1.41
FPKKR-LSDA ~fixed MT! 0.82 2.43 2.54 1.88 3.18 2.28 1.39
FLAPW-LSDA 0.85 2.57 2.56 1.90 3.12 2.29 1.41
FPLMTO-LSDAa 3.13 2.26
FPKKR-GGA ~scaled MT! 0.73 1.84 1.98 1.42 2.56 1.72 0.96
FPKKR-GGA ~fixed MT! 0.73 1.88 2.00 1.38 2.58 1.72 0.98
FLAPW-GGA 0.73 1.86 2.04 1.41 2.54 1.68 0.93
FPLMTO-GGAa 2.57 1.71

Experiment 0.72 1.68 1.86 1.37 2.70 1.81 1.01

aReference 24.
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V. PERTURBATIVE GGA CALCULATIONS
WITH FP-LSDA SPIN-DENSITIES

In this section we discuss the accuracy of a perturba
treatment of the GC’s, which eliminates the need to solve
GGA-Kohn-Sham equations self-consistently.41 According
to the density-functional formalism, there exists a unique
ergy functional which is variational in the spin densit
Hence, if the functional is evaluated with a trial spin dens

FIG. 2. Errors in calculated equilibrium lattice parametersa ~a!
and bulk moduliB ~b! with respect to experimental data.
e
e

-

close to the exact ground-state spin density, the error in
total energy is only of second order in the difference betwe
the trial spin density and the exact ground-state spin den
Therefore, we evaluate the GGA total energies by using
self-consistent~SC! -LSDA densities as input. This shoul

FIG. 3. Lattice parameter dependence of magnetic momen~a!
and magnetic energy~b! for Fe.



en
pl
ll

re

n
te
in

pi
e
o

the
III:

he

rre-

the
ate
c-
A

t

PRB 60 5207FULL-POTENTIAL KKR CALCULATIONS FOR METALS . . .
be justified since the gradient corrections affect the total
ergies only slightly, as can be seen from Fig. 1. For exam
the total-energy changes due to the GC effect are as sma
;22, 25, 26, 26, 211, 211, and212 Ry for Al, Fe, Ni,
Cu, Rh, Pd, and Ag, while the LSDA total energies a
;2484, 22541, 23037, 23305, 29559, 210 082, and
210 622 Ry. Thus we may expect that the LSDA spin de
sities are similar to the GGA spin densities. The calcula
total energies for Al, Fe, Ni, Cu, Rh, Pd, and Ag, obtained
this way, are also shown in Fig. 1~s!. We can see that the
perturbative GGA treatment based on the FP-LSDA s
densities reproduces almost completely the lattice param
dependence of total energies, although the correct GGA t
energies are still slightly lower in energy~by about;0.005

FIG. 4. Lattice parameter dependence of magnetic momen~a!
and magnetic energy~b! for Ni.
-
e,
as

-
d

n
ter
tal

Ry for Al, ;0.01 Ry for Fe, Ni, Cu, and;0.02 Ry for Rh,
Pd, Ag!. The values ofa andB, obtained by the perturbative
calculations, agree very well with the results obtained by
full self-consistent GGA calculations, as seen in Table
the errors are as small asDa<0.01 a.u. and DB
<0.05 Mbar except for Fe. It is also found for Fe that t
error for the bulk moduli becomes somewhat large (DB
;0.13 Mbar) since the nonspherical spin densities, co
lated strongly to the GC effect,37 become important. How-
ever, the error is still small. Thus we may conclude that
FP-LSDA spin densities are useful to obtain the accur
lattice constants and bulk moduli by the GGA density fun
tional, thus avoiding a self-consistent evaluation of the GG
spin densities.

FIG. 5. Errors in calculated equilibrium lattice parametersa ~a!
and bulk moduliB ~b! with respect to experimental data.
5

TABLE II. LSDA and PW91-GGA results for equilibrium lattice constanta and bulk modulusB, ob-
tained by the full-potential KKR Green’s-function method. The experimental results~Ref. 40! as well as
calculated results obtained by other full-potential methods are also shown for a comparison.

C Si Ge GaAs InSb ZnSe CdTe
a ~a.u.!

FPKKR-LSDA ~fixed MT! 6.67 10.21 10.53 10.50 12.02 10.46 11.91
FLAPW-LSDAa 10.22 10.63 10.62
FPKKR-GGA ~fixed MT! 6.75 10.34 10.82 10.77 12.35 10.77 12.29
FLAPW-GGAa 10.38 10.86 10.84

Experiment 6.74 10.26 10.69 10.68 12.24 10.71 12.2

B ~Mbar!

FPKKR-LSDA ~fixed MT! 4.41 0.92 0.67 0.77 0.51 0.71 0.45
FLAPW-LSDAa 0.96 0.78 0.74
FPKKR-GGA ~fixed MT! 4.17 0.89 0.57 0.64 0.42 0.61 0.40
FLAPW-GGAa 0.83 0.61 0.65

Experiment 4.43 0.99 0.77 0.76 0.46 0.67 0.45

aReference 39.
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TABLE III. Equilibrium lattice constanta and bulk modulusB, obtained by perturbative~non-SC!
PW91-GGA calculations, are compared to the fully self-consistent FP-PW91-GGA results. The experi
results~Ref. 35! are also given.

Al Fe Ni Cu Rh Pd Ag
a ~a.u.!

non-SC-FP-GGA~fixed MT! 7.637 5.337 6.633 6.837 7.223 7.424 7.79
FP-GGA ~fixed MT! 7.639 5.335 6.634 6.839 7.224 7.427 7.79

Experiment 7.65 5.42 6.66 6.84 7.19 7.35 7.72

B ~Mbar!

non-SC-FP-GGA~fixed MT! 0.737 2.018 2.007 1.422 2.622 1.709 0.98
FP-GGA ~fixed MT! 0.729 1.877 1.995 1.383 2.576 1.722 0.97

Experiment 0.72 1.68 1.86 1.37 2.70 1.81 1.01
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VI. FULL CHARGE-DENSITY „SPIN-DENSITY… VERSUS
FULL-POTENTIAL CALCULATIONS

Although FP calculations are very accurate, they are v
time-consuming. Therefore, it is worthwhile to ask what ki
of accuracy one can obtain in calculations with spheri
potentials. This is done in ASA calculations.25,26 However,
here usually three different spherical approximations
made simultaneously:~i! a spherical potential with a cutoff a
the Wigner-Seitz radius is used to solve the Kohn-Sh
equations~ASA-I!, ~ii ! only the spherical component of th
charge densities~or spin densities! is calculated~ASA-II !,
ry

l

e

and ~iii ! all integrations, e.g., for the Coulomb potential
the Coulomb and exchange energies, are performed ove
overlapping Wigner-Seitz sphere in order to calculate
double-counting contribution to the total energy~ASA-III !.
For the following procedure, the basic idea is to avoid t
approximations ASA-II and ASA-III while still retaining the
efficiency of a spherical potential calculation. Here we t
two such approaches with spherical potentials. In the pre
ASA approximation~see Table IV!, we retain the ASA-I and
ASA-III, but generate all angular momentum components
the charge density~up to 2l max58, since all higher compo-
nents vanish! and use these in the evaluation of the to
h
TABLE IV. Equilibrium lattice constanta and bulk modulusB, obtained by total-energy calculations wit
full charge densities which are calculated by use of spherical potentials~ASA and SHP!. The experimental
results~Ref. 35! as well as the theoretical results obtained by the full charge technique of Vitos, Kolla´r, and
Skriver ~Ref. 26! are also shown for a comparison.

Al Fe Ni Cu Rh Pd Ag
a ~a.u.!

ASA-LSDA ~scaled MT! 7.49 5.26 6.43 6.59 7.04 7.19 7.46
SHP-LSDA ~scaled MT! 7.56 5.22 6.49 6.66 7.12 7.27 7.57
SHP-LSDA ~fixed MT! 7.51 5.20 6.46 6.63 7.09 7.24 7.53
FP-LSDA ~fixed MT! 7.52 5.20 6.46 6.63 7.09 7.24 7.53
SHP-GGA~fixed MT! 7.65 5.33 6.63 6.84 7.23 7.43 7.80
FP-GGA ~fixed MT! 7.64 5.34 6.63 6.84 7.22 7.43 7.79
LMTO-ASA-LSDAa 7.12 7.24 7.57
LMTO-ASA-GGAa 7.26 7.43 7.81

Experiment 7.65 5.42 6.66 6.84 7.19 7.35 7.72

B ~Mbar!

ASA-LSDA ~scaled MT! 0.92 2.24 2.72 2.09 3.46 2.53 1.63
SHP-LSDA ~scaled MT! 0.82 2.41 2.52 1.88 3.12 2.25 1.39
SHP-LSDA ~fixed MT! 0.80 2.48 2.53 1.86 3.14 2.24 1.37
FP-LSDA ~fixed MT! 0.82 2.43 2.54 1.88 3.18 2.28 1.39
SHP-GGA~fixed MT! 0.72 1.93 1.99 1.40 2.57 1.70 0.97
FP-GGA ~fixed MT! 0.73 1.88 2.00 1.38 2.58 1.72 0.98
LMTO-ASA-LSDAa 3.18 2.24 1.44
LMTO-ASA-GGAa 2.59 1.74 0.94

Experiment 0.72 1.68 1.86 1.37 2.70 1.81 1.01

aReference 26.
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energy, while performing all integrations over the Wigne
Seitz sphere. The resulting ASA-LSDA data in Table IV a
not very good and represent no significant improvement o
the usual simple ASA,42 using the three approximation
mentioned above. This is a consequence of the cubic s
metry of the considered systems, for which the higher cha
multipoles play only a minor role, since the first nonvanis
ing multipole occurs forl 54.

The second approach avoids both the ASA-II and ASA
and uses the spherical part, i.e., thel 50 component of the
anisotropic FP to generate the full charge density, called
shape-potential~SHP!. In this approach the exact form of th
Wigner-Seitz cell is described by shape functions and
integrals for the Coulomb and exchange-correlation ener
are evaluated exactly.43 From the calculated data listed i
Table IV, one finds that the SHP calculations reproduce
most completely the FP results, both for the LSDA as wel
the GGA, which is in contrast to the usual claim in the l
erature that accurate GGA results can only be obtained
FP treatment. The only exception is Fe, where the FP tr
ment may be important not only for the local moment a
the spin polarization energy, but also for the bulk modul
as mentioned in the preceding section.

We may conclude from the results of Table IV that al
with spherical potentials highly accurate total energies
be obtained, provided that the full charge density~or spin
density! is evaluated and integrals over the Wigner-Seitz c
are calculated correctly using shape functions. For the cu
systems considered here, the correct integration gives
biggest improvement, since only relatively high multipo
components of the charge density withl 54, 6, and 8 exist.
On the other hand, for systems with lower symmetry, e.g
vacancy or a surface, the dipolar or quadrupolar compon
of the spin density play a decisive role. For instance, for
vacancy in Cu we found previously by using the LSDA c
culations that a simple-ASA calculation, using the three
proximations ASA-I, ASA-II, and ASA-III, yields a ridicu-
lous vacancy formation energy of about 2.85 eV, more th
double the experimental value, while the inclusion of t
charge multipoles reduces this value by about 1.2 eV.44 The
inclusion of the shape function~exact treatment for the
Wigner-Seitz cell! lowers this value by 0.13 eV, while th
FP treatment leads to another lowering of 0.1 eV, fina
yielding a vacancy formation energy of 1.41 eV, in go
agreement with the experiment.44

Our results are in good agreement with the conclusion
Vitos et al.26 that their full charge-density scheme based
LMTO-ASA calculations reproduces very well the resu
obtained by a FP treatment. Their data for Rb, Pd, and
are also included in Table IV, both for the LSDA and GG
The agreement with our results is good, in particular if
compare with ‘‘scaled-MT’’ calculations~using a radial
mesh scaling with the lattice constant!. As noted earlier,
however, calculations with fixed MT’s yield a higher acc
racy.

In summarizing, we conclude that in most cases a tim
consuming FP calculation can be substituted by a more
cient full charge-density~spin-density! calculation. However,
this is only correct for the total energy. For instance, a c
culation for forces by the Hellmann-Feyman theorem
-
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quires a highly accurate calculation of the dipolar cha
distribution which can only be obtained if these compone
are calculated self-consistently, i.e., in a FP treatmen44

Analogously electric field gradients are determined by
quadrupolar charge components,45 which usually also require
a FP treatment.

VII. SUMMARY AND CONCLUSION

We have shown that the present FPKKR method a
band-structure method gives lattice parameters and b
moduli with the same accuracy as that of the FLAP
method, which is considered to be the most accurate me
available. If identical LSDA or GGA density functionals ar
used in the calculations, the differences of the FPKKR a
FLAPW results are as small as;0.01 a.u.~;0.05 Mbar! for
a lattice parameter~bulk modulus! of Al, Fe, Ni, Cu, Rh, Pd,
and Ag, as seen in Table I.

Second, we have shown that the PW91-GGA corrects
deficiencies of the LSDA for these metals, as seen in F
2~a! and 2~b!. The LSDA underestimates lattice paramete
~bulk moduli! of the metals by 1–4 %~15–45 %!, while the
GGA reduces the errors to less than 1%~10%!. The gradient-
correction~GC! effect over the LSDA is especially signifi
cant for the magnetic systems with large anisotropic pot
tials. For Fe the increase in the magnetic energy is as larg
;0.1 eV, leading to the prediction of the exact ground-st
structure and therefore providing an important improvem
over the LSDA. It has also been shown that this signific
increase cannot be obtained by spherical-potential calc
tions since the GC effect favors very much the nonspheri
of the potential; the increase in the magnetic energy due
the GC effect becomes smaller than 0.05 eV if the ASA
used in the calculations, as seen in Fig. 3

For semiconductors, such as C, Si, Ge, GaAs, InSb, Zn
and CdTe, however, the GGA gives no consistent impro
ment over the LSDA. The lattice parameters are undere
mated significantly~0.3–3 %! by the LSDA, whereas the
GGA values are within 1% deviation from experiment.
contrast to this improvement over the LSDA, the GGA err
becomes larger for the bulk moduli; the LSDA error is210–
10 %, while the GGA error is220 to 10 %. It is noted that
the GGA always lengthens the lattice parameters and red
the bulk moduli, compared with the LSDA results, and the
fore that the GGA gives worse results if the LSDA resu
are in good agreement with the experimental results.

Finally we have discussed the accuracy of the perturba
treatment for the GC effect. According to the Hohenbe
Kohn theorem, there exists a unique energy functional wh
is a variational in the spin density. Therefore, if the GG
spin-density functional is evaluated with a trial spin dens
close to the exact ground-state density, the error in the t
energy is only of second order. Based on this idea, we h
shown that accurate GGA total energies can be obtained
LSDA spin densities, thus avoiding the self-consistency
erations for the GGA functional. Moreover, we have d
cussed that a full spin-density scheme with spherical po
tials yields for the considered systems the same accuracy
the total energy as a full-potential calculation.

The KKR Green’s-function method will be more an
more useful for the study of electronic and atomic structu
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of complex systems, such as impurities, surface, and di
dered alloys, because it has been very accurate, as show
the present paper, and because it is easily extended, with
same accuracy as that of the bulk calculations, to nonp
odic systems.7
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