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Comparison of theoretical and experimental magnetization densities of Ni, RE€r, and Pd;Cr
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We report theoretical results for the magnetization density and its Fourier components for the materials Ni
in the fcc structure and g&r and PdCr in theL1, structure, and we present a detailed comparison with the
available experimental results and some previous theoretical studies. The calculations were performed using
the full-potential linearized-augmented-plane-wave method within the local-spin-density approximation. We
find excellent agreement with experiment for Ni regarding the detailed magnetization structure factors, the
magnetization density, and the magnetic moment. In agreement with experiment, othard PdCr are
predicted to be ferrimagnetic with the dominant magnetization density centered around the Cr site and a much
smaller moment of opposite sign centered around Pt or Pd. We find only fair agreement with experiment for the
magnetic structure factors fortr and suggest that additional experiments be performed for this material and
for Pa;Cr for which there is no structure factor data. We also present results of a convergence study of the
magnetization density as a function of the number of Fourier components included in the reciprocal space
summations. We show that underconverged results can lead to a qualitatively incorrect representation of the
magnetization charge densify50163-182¢08)03838-7

[. INTRODUCTION static valence charge density is unphysically negative in the
interstitial region as shown in Ref. (®ased on the available
Calculations based on density-functional thédrwith ~ experimental data at the timeAs the experimental accuracy
the local-density approximatidfLDA) have been shown to improved for G€, subsequent analysis using the data elimi-
give remarkably accurate ground-state properties for a wideated the unphysical negative valence charge density and
varieties of materials. The great success of the LDA lies inmproved the agreement between experiment and theory by a
the fact that the calculated LDA ground-state charge densitfactor of 28
quite accurately represents the “true” ground-state charge While there are many comparisons of experimental and
density of materials. Indeed, the recent careful comparisontheoretical charge densities, such comparisons for the mag-
between LDA-calculated and experimental charge densitiesetization density in magnetic materials are scarce. The spin
for semiconductofs® and intermetallic compoundid® show  extension to the LDALSDA) is known to suffer some prob-
remarkable agreement. In the case of silicon, where millems, particularly in 8 Fe, in which nonmagnetic Fe in the
lielectron level of accuracy of experimental structure factorsfcc structure was found to be more stable than ferromagnetic
are available, excellent agreement between theory and ekcc Fe (observed experimentally' However, LSDA is
periment R=0.21%) is seen. While LDA theory directly known to give reasonably accurate magnetic moments of
gives the static ground-state charge denityd static struc- many materials. Receratb initio calculation$? reveal that
ture factorg, experiment faces some obstacles in arriving atspin polarization (magnetizatioh is responsible forL1,
the static charge density. Aside from instrumental errorordering in P4Cr and PdCr, while nonmagnetically, the
(random or systematicthe directly measured structure fac- DO,, structure is more stable for these two compounds.
tors(Fourier transform of the charge densigre temperature While the ferromagnetic nature of #r was observed
dependent, so that one relies on some model to deconvoluexperimentally:>~8 so far there is no report of magnetic
the temperature effects. The simplest approach is to use l@ehavior for PgCr. Here, we present LSDA calculations for
single Debye-Waller factor to extract the static structure facPtCr and PgCr in theL1, structure and compare our cal-
tors. The subsequent Fourier summation gives the chargaulated spin densities with experiment where possible. As a
density, which often suffers from poor convergence. Thistest of our calculational approach, we have calculated the
under-convergence problem is especially serious fospin density of fcc Ni, for which there are abundant experi-
transition-metal compounds, where relatively localizéd mental dat®~??and previous theoretical calculatiGis®to
electrons are present® More sophisticated analysis meth- compare with.
ods, such as used in C, Si, and @assume shell-dependent ~ We give an outline of our computational method in Sec.
Debye-Waller factors, radial and angular functions, and relyl, and present our results and discussion in Sec. Ill. We
on the charge density of the isolated atdfrom, e.g., summarize our conclusions in Sec. IV.
Hartree-Fock-type calculationas input to extract the static
charge density from the measured structure factors. Most Il. COMPUTATIONAL METHOD
materials lack an accurate and extensive set of experimental
structure factors, except in the case of Si. The quality of the We have calculated the electronic structure of fcc Ni, and
charge-density analyses also reflect this fact, as is most evRCr, and PgCr in the L1, structure using the linearized-
dent in the case of Ge, where the experimentally extractedugmented plane-wavéLAPW) method®=% within the
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LSDA. The exchange-correlation potential of Ceperley andsitive to small changes in the so-chosen MT volumes. Fol-
Alder’! as parametrized by Perdew and Zurigevas used lowing this procedure, and assigning titt MT sphere to
for most of the calculations. To examine the extent of thetheith atom, the spin moment of théh atom is simply the
sensitivity of our results to the particular form of the ex- difference of the spin-up and spin-down charge within the
change and correlation potential, we also used the von BartdIT sphere. The total spin moment is
and HediR form of exchange-correlation potential. The fcc- . _
based_1, structure has a simple cubic primitive cell with Cr M= E Mi+MI", 1)
atoms occupying the corners and (Pd) atoms occupying :
the face centers. Calculations were performed at the expenvhere |\/|isnt is the contribution from the interstitial region
mental lattice parameters af=3.524 A for fcc Ni3 a (between the muffin-tin spheres
=3.877 A for PtCr,'* anda=3.796 A for PdCr.>* The orbital-moment distributioriyl ,(r) suffers the same
The LSDA equations were solved self-consistently. Thenonuniqueness as the individual spin moments and is more
core states were treated fully relativistically, while the va-difficult to evaluate than spin moments. In the LAPW calcu-
lence states were treated semirelativistically, with the spinlation, we define the orbital contribution from valence elec-
orbit interaction, which plays rather minor role here, beingtrons of individual atoms within the muffin-tin sphere as
included in a second variational step. The effects of the rela- ' o '
tively shallow Pt 5 and 5 core states as well as the Cs 3 My=2> w(k) X X mni'™(k)+n]'™K)], (2
and 3 core states were examined by treating them in a ok rom
separate energy windo@emicore window We note, how- where n'T("l") is the occupation number of the orbital,,
ever, that the resulting spin densities obtained from one oWithin theith muffin-tin sphere an/(k) is the weight of the
two energy window calculations are extremely similar. Nok point. Without the inclusion of spin-orbit effects, the above
shape approximation was made for either the potential or theerm will be zero for a cubic systefwe do not include other
charge density. The nonspherical charge density and potentbital polarization effecis We will ignore the much smaller
tial were expanded in terms of lattice harmonics with angulaorbital contributions in the interstitial region.
momentuml <8 inside the muffin-tin spheres. The muffin-  Experimentally, the total magnetic moment is what is
tin sphere radii were 1.244 A for Ni, 1.323 A for Pt and Cr in generally measured directly. To derive the contributions
PtCr, and 1.270 A for Pd, and 1.164 A for Cr in .  from individual atoms from the measured total moment, and
Large basis sets of approximately-100, 75, 110 to separate spin and orbital contributions, one must rely on
LAPW's/atom (Rmi‘PKmax:g-o) were used for fcc Ni, BEr, the rr_leas_ured total magnetiacluding both spin and orbital _
and PgCr, respectively. During the self-consistency cycles,contributions structure factors and a subsequent analysis
the Brillouin zone (BZ) integration was performed using Pased on the wave functions isblatedatoms or ions. The
408, 120, and 120 speciéll points® in the irreducible Bz ~ resulting moments depend quite sensitively on the chosen

(1/48th of the Brillouin zongfor Ni, P&Cr, and PgCr, re-  input atomic wave functions which do not contain any infor-
spectively. mation about orbital hybridization experienced by electrons

in a solid (except for the assumed ionic state of the atoms
Recent advances in theory and experimental technifpies

Ill. RESULTS AND DISCUSSIONS cular dichroism in the x-ray regiofCMXD)]?? has offered
_ another method of extracting orbital moments from experi-
A. Total magnetic moments ment which largely circumvents the above uncertaiimyw-

The magnetic moment of a material consists of contribu-£Ver, it may introduce uncertainties of its own
tions from spin and orbit polarization. The orbital moment is
nearly quenched in@ and 4d elements, and spin polariza-
tion contributes the majority of the magnetic moment. The fcc Niis a system that has been studied quite extensively
total spin moment ) is the difference of the spin-up and both experimentalf~*?and theoretically*~**We choose to
spin-down charges, which is directly available from am  study it here as reference systéto assess the accuracy of
initio calculation.M is usually referred to as the “magnetic our LAPW-LSDA approach before we address the more
moment” in the literature. A discussion of the analysis of complicated PgCr and P{Cr compounds.
magnetic properties of materials using the Stoner model is Table | compares calculated and experimental magnetic
often a useful approachi:*’ moments for Ni. Our calculatefi= 0 K magnetic moment of

For compounds, one typically quotes spin moments assd.656ug is somewhat larger than the experimental value of
ciated with particular atoms within the unit cell. Such defi- 0.606ug.*® The spin moment dominates the total moment,
nitions are, however, somewhat arbitrary. Unlike isolated atwith the calculated orbital moment of 0.04¢ being only
oms, atoms in a solid interact with each other, and because of 8% of the calculated spin moment (0.60¢). We further
the hybridized nature of electronic states there is no uniqgudecompose the moments into contributions from different
way to partition space into contributions from particular at-regions of space: muffin-tin sphere and interstitial region.
oms. However, since the spin-moment distribution is fairlyWithin the muffin-tin sphere of radius of 1.244 A, we find a
localized near the atomic sites fod3and 4 elementssee  spin-moment of 0.62Zg and an orbital moment of
next sectiol, for the sake of convenience, we divide space0.047ug, while the interstitial region contributes a negative
into nonoverlapping “muffin tins” and assigns spin-moment spin magnetic moment of 0.018ug. Our calculated spin
contributions to the nearby “atoms” at the muffin-iMT)  and orbital moments agree with previous calculattdfs
centers. It has been found that spin moments are quite insefairly well.

1. fcc Ni



9254 Z. W. LU, BARRY M. KLEIN, AND H. T. CHAU PRB 58

TABLE I. Comparison between the calculated and experimentabxchange and correlation potentials. diiid treating the ex-
T=0K magnetic momenté&in unit of the Bohr magnetopg) for  tended Cr 3 and 3 core electrons in a second energy win-
fcc Ni evaluated at the experimental lattice constant. A muffin-tindow. We notice the following:
radius ofRyr=1.244 A and Ceperley and Alder XC potential was (i) Self-consistently including spin-orbit interactions
used in our calculations. The previous calcuatioRefs. 23-25  changes the spin moments by less than @g1Spin orbit
gave a spin moment of 0.57-0.65 and an orbital moment ofnduces a small total orbital moment 6f0.09ug, about 4%

0.05-0.0%p - of the total spin moment. The Cr orbital momenti$ % of
— » its spin moment, while the Pt orbital moment is approxi-
Total Muffin-tin Interstitial mately the same order of magnitude as its spin moment. The
Spin  Orbital  Spin  Orbital Spin spin and orbital moments on REr) are both negativéposi-
tive).
LAPW? 0.609 0.047 0.627 0.047 -—0.018 )

(i) Using the von Barth—Hedin(vBH) exchange-
Neutrorf 0.606 correlation potentidl (row four in Table I) produces a
CMXD® 0.050 slightly larger total magnetic momeiit%) than results ob-
tained using the Ceperley and AldgCA) exchange-
correlation potentialrow two in Table I). The largest dif-
ference of~0.08ug occurs for the Cr spin moment.

(iii) Treating the spatially extended Pt &nd Pt % as
well as Cr 3 and 3 core orbitals in the second variational
energy windows(row one in Table Il or as core(atomic
like) orbitals (row two in Table I) produces negligible dif-

Mook!® has measured the magnetic structure factors for &rence on the magnetic moments.
fairly large number of G vectors using the neutron- Table Il also compares our current calculations with pre-
diffraction technique. He subsequently analyzed the experivious theoretical results. All theoretical calculations find
mental data by utilizing the atomic spin-moment form factorPtCr to be aferrimagnetwith a small Pt moment that is
of Ni** and by assuming magnetic moment contributionsopposite in sign to the dominant Cr moment. LDA-based
from 3d spin, 3 orbital, and anegativecontribution (as-  calculations give total spin moments within 1% of each
suming aconstantnegative moment density over all space other, while the simplified tight-binding calculatirgives a
He thus extracted ad3spin, 3 orbital, and a negative mo- spin moment 20% larger than the first-principles LDA re-
ment of 0.656, 0.055, and 0.105, respectively. While these sults. The difference for individual spin moments are slightly
extracted numbers agree qualitativélgven quantitatively  larger than the difference for the total spin moments which
well with our calculated muffin-tin and interstitial contribu- mainly reflects the different way that space is partitioned
tions to the magnetic moment, there are some difference. Wamong the different computational methods, e.g., the LAPW
indeed find a negative spin-moment contribution of method partitions space using nonoverlapping muffin-tin
—0.018ug from theinterstitial region only. Assuming aon-  spheres and a remaining interstitial region, while the linear
stantnegative spin density of 0.0180), (Q; is the inter-  muffin-tin orbital (LMTO) and augmented spherical wave
stitial volume, which is 0.264 of the total cell volume for (ASW) methods partition the space using cell-filliggver-

Ni), we would have a total negative contribution from thelapping Wigner-Seitz spheres. Hence, a larger site moment
whole unit cellof —0.068ug and this would require an ad- is obtained using the LMTQRef. 40 and ASW (Ref. 41
ditional compensating spin moment of 0.0 for the  approaches. The ASW calculation also gives a small induced
muffin-tin term(a total of 0.67 %) in the same spirit as the orbital moment, which agrees fairly well with the current
experimental analyses. Our calculated orbital moment obAPW results.

0.047u5 agrees very well with the above experimental esti- Magnetic measurements directly give the total magnetic
mation of 0.05m5. Recent x-ray circular dichroism moment of a magnetic material. Such a measuremgites
measurement$ found an orbital moment of 0.Qg; for fcc @ total magnetic moment of 2.52 for PCr, that is close to

Ni, close to our calculated value of 0.047. We also note our calculated total moment spiorbital moment of
that our calculated total magnetic-moment is about 8% large?-69g. While a direct magnetic measurement gives the total
than the experimental value for Ni. magnetic moment, it does not give information about the
magnetic moment associated with a particular atomic site
(i.e., it gives no information on the magnetization density
On the other hand, from a neutron-scattering experiment one

There have been quite a few experimental and theoreticalan infer the site-decomposed magnetic moment with the
studies for the magnetic properties ot®t; results are pre- help of a model analysis. Since in a neutron-scattering ex-
sented in Table Il, including our calculated total and siteperiment one directly measures the magnetic form factors
decomposed spin and orbital moments. The magnetic mand the Fourier transformation of the magnetization density,
ment is predominantly localized on the Cr site, with the mo-one can analyze and fit the data using, typically, spin densi-
ment on the Pt site being very small and opposite in sign taies of isolated atoms or ions to infer the site-decomposed
the Cr moment. Hence, §&r should be characterized fes- magnetic moment of a magnetiolid. Such an analyses is
rimagnetrather than derromagnet which has been recog- limited by the fact that it relies heavily on the notion that
nized in previous experimentar'®and theoreticd?*'pub-  spin densities determined from isolated atoms or ions are
lications. Table Il also shows the effect on the magneticclose to their solid-state counterpart. Two such experiments
moment of(i) spin-orbit interactions(ii) different forms of  exist for P§Cr: Pickart and Nathan found magnetic mo-

3Present calculation.

bRef. 19, a model analysis of the neutron data using an atomic spi
density as input gives ad3spin, 3 orbital, and a negative contri-
bution of 0.656, 0.055, anet 0.105«5, respectively.

‘Ref. 22, using the x-ray dichroism technique.

2. PtCr in the L1, structure
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TABLE Il. Comparison of calculated and measured magnetic moments{Gr PtthelL 1, structure. We
used muffin-tin radii ofR§;=R5;=1.323 A in our calculations. For the LDA calculations, the form of
exchange-correlation potential used was as follows: CA, vBH, and GL denote Ceperley andRete3)),

von Barth and HediriRef. 2, and Gunnarsson and Lundqvist potentials, respectively.

Total Pt Muffin-tin Cr Muffin-tin Interstitial
XC potential  Spin  Orbital Spin Orbital  Spin  Orbital Spin

LAPW? CA 2.601 0.093 -0.013 -0.019 2572 0.150 0.066
LAPWP CA 2594 0.092 -0.010 -0.019 2556 0.149 0.069
LAPWC CA 2.589 —-0.013 2.563 0.067
LAPW!Y vBH 2.625 0.090 -0.026 -0.021 2631 0.153 0.072
TB® 3.23 -0.13 3.62

LMTOf vBH 2.623 -0.053 2.781

LAPWY GL -0.01 2.49

ASW vBH 261 001 -004 -005 273 0.16

Neutror -0.27 2.33

Magnetometdr 2.52

Neutrorf 2.52 —-0.26 3.37

CMXD' 0.02 -0.12

&Current one-energy window calculations including S-O interactions.

bCurrent two-energy window calculations including S-O interactions.

‘Current two-energy window calculations no S-O interactions.

dCurrent two-energy window calculations including S-O interactions.

®Ref. 39, tight-binding calculation.

Ref. 40, LMTO calculation including S-O interactions, utilizing cell-filling Wigner-Seitz spheRes
=1.532 A, using 84 points during the self-consistency loop and 288 the final iteration.

9Ref. 18, no S-O interaction®;=1.198 A andR};=1.369 A, 65 LAPW basis functions/atom, and 85
points.

PRef 41, ASW calculation including S-O interactions.

iRef 13, individual moments extracted from neutron measurements of the magnetic form factors.

IRef. 15, magnetometer measurement.

KRef. 14, the sum of the total moment also included the estimated delocalized momeBtafg .

'Ref. 17, data was extracted from the published graph.

ments of —0.27 and 2.3@g for Pt and Cr, respectively, than the Pt orbital moment in §&r.

while Williams and Jezierski found magnetic moments of  (iii) The dominant Cr spin moment is slightly smaller
—0.26 and 3.3y for Pt and Cr, respectively. More re- (~10%) in PdCr than in P{Cr, contributing to the result
cently, Maruyameet all’ directly measured the Pt spin and that the PgCr total moment is smaller than in r. The
orbital moments using the CMXD method and found a spinspin-orbit-induced Cr orbital moment is much smaller in
moment of~0.02 and an orbital moment 6f0.12ug, re-  PdCr than in P4Cr, due to the fact that the spin-orbit inter-
spectively, and a total Pt moment of —0.1ug, much actions are much weaker in thel £lement Pd compounds
smaller than the results from the earlier neutron experimentghan in the heavier & element Pt compounds.

but in only fair agreement with the present calculations and Table Ill also shows the effect of different choices of

the previous ASW results. muffin-tin radii on the site magnetic moments. When we
reduce R =R from 1.323 A to Ri3=1.270 A and
3. PACr in the L1, structure R,\CA’T=1.164 A, the Pd spin moment is reduced by merely

While magnetism in REr has been recognized for a long 0.4%(With the 12% reduction of the muffin-tin volumehe
time 13 and magnetic properties infor have been examined C' SPin moment is reduced by only 54ith the 32% reduc-
extensively by both experiment and theory, the importanc&ion of the muffin-tin volumg, while the orbital moments
of the magnetization ot 1, ordering in PgCr has only re- remain nearly the same. Hence, we see that site-decomposed

cently been addressélAs far as we are aware, there are no moment is relatively insensitive to small changes in the site
magnetic measurements for £d. Table Il givés our pre- volume indicating that the magnetic moment distribution is

dicted magnetic moments. The calculated moments gEPd well localized near the atomic silsee the next section for
are similar to those of REr. One observes the following: detailg. Next, we will examine the magnetic structure fac-
(i) PACr is aferrimagnetas is P{Cr: the much smaller tors and magnetization density distribution in the unit cell.

induced Pd moment is opposite in sign to the Cr moment.
(i) Interestingly, the Pd spin moment in §&t is about

three times larger than the Pt spin moment igOPt while LDA calculations have been shown to give remarkably

the Pd orbital moment in B@r is about three times smaller accurate charge densities for many nonmagnetic materials.

B. Magnetization density and magnetic structure factors
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TABLE Illl. Predicted magnetic moments for gt in the L1, structure. We used the Ceperley-Alder
(Ref. 3) exchange-correlation potential in our calculations.

Total Pd Muffin-tin Cr Muffin-tin Interstitial

Spin Orbital Spin Orbital Spin Orbital Spin

LAPW? 2.418 —0.001 —0.036 —0.007 2.474 0.020 0.055
LAPWP 2.411 —0.039 2.474 0.055
LAPW® 2.408 —0.003 —0.035 —0.007 2.348 0.018 0.164
LAPWY 2.401 —-0.037 2.349 0.163

&Current one-energy window calculations including S-O interactions. Muffin-tin radii are takeRf;ﬂas
=R{;=1.323 A.

PCurrent one-energy window calculations with no S-O interacti®ys.= RG;=1.323 A.

‘Current one-energy window calculations including S-O interactions. Muffin-tin radii were také&ﬂ-’as
=1.270 A andR{;=1.164 A.

dCurrent one-energy window calculations with no S-O interactions. Muffin-tin radii were také®fas
=1.270 A andR{;=1.164 A.

For example, in silicon LDA reproduces the measured struc- Experimentally, one can measure the structure factor
ture factors with very small deviations, less than[p(G)] or the magnetic structufegM (G)] factors using x-ray
~0.02 e/atom and aR factor of 0.2%. There are several or neutron-scattering methods. However, only relatively few
recent comparisons of experimental versus theoretical stru& vector values op(G) or M(G) can be readily determined
ture factors for nonmagnetic materia%®°which address experimentally. It is known that the Fourier summation of
the differences between the dynamic charge derfagyob- p(G),
served experimentallyand the static charge densitgs cal-

culated from a first-principles methpend the shortcomings max _

of assembling the experimental charge-density map by Fou- p(r,Gmad= 2 p(G)ECT, )

rier synthesizing it from a limited number of structure fac- ©

tors. Such comprehensive comparisons are, however, lacking a slowly convergent function db,,,. Here, we will ex-

for magnetic materials, especially for compounds. We examamine in detail the extent of the convergence of the Fourier
ine here to what extent the spin-polarized version of thesummation for the magnetization density, i.e., the conver-
LDA calculations will reproduce the experimental resultsgence of

(where available for Ni, Pd,Cr, and P{Cr. We will first

G

examine monatomic fcc Ni, since there are previous experi- Grax _
mental and theoretical results to compare with. M(r,Gnax = E M(G)e'C ' (6)
We definep,(G) andp (G) as the Fourier transform of G
the spin densitiep(r) andp, (r), respectively, with, as a function ofG, 4.
The difference between experiment and calculation can be
pT(G)Zf pi(re~'erdr, measured by defining aR factor as
| ® _ Z6|X(G)expi X(G)ead -

p.(©)= [ py(e o ar. SX©)

The total charge and spin structure factors are defined as where the physical quantityX, can be either the density
structure factorsp(G) or the magnetic structure factors
_iG. M(G). For Si, we obtained aR factor of approximately
_ iG-r _
p(G)—J [p1(N+p (r)]e "= dr=p(G)+p (G), 0.21% for p(G).2

(4)

Ms(G):f [PT(r)_Pi(r)]e_le'rdr:PT(G)_Pl(G):

Tables IV and V compare our calculated total and mag-
with all integrals being over the whole unit cell. The total netic structure factors for Ni with previous calculations and
spin moment is simplyl ;= M(0). Thequantitiesp(G) and  experiments. The difference between the calculated structure
M¢(G) are directly available from a first-principles calcula- factors [p(G)] and available experimental valug¢sine G
tion, while the orbital moment distributioM ,(r) and its  vectors is less than 0.06 e, with an average value of 0.02 e.
Fourier transformM ,(G), on the other hand, are rather dif- This gives anR factor of 0.31% and is only slightly worse
ficult to calculate. As we saw in Sec. Il A, the orbital mo- than what was found for the nonmagnetic semiconductor Si:
ments account for but a small fraction of the total momentaverage difference of 0.012 e, maximum difference of 0.021
so we will ignore them in the following as we compare with e, andR=0.21%, which probably has the most extensive,
experimentally determined magnetic form factors, whichhighly accurate set of experimental and theoretical structure
naturally contain both spin and orbital contributions. factors. Compared with experiment, the previous linear com-

C. Spin density for Ni
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TABLE IV. Structure factors(total chargg for ferromagnetic  in mind, we will only compare calculated results at the ex-
Ni. The last row gives the average difference between experimerperimental lattice constant with measured values for the in-
and calculations. termetallic compound calculations discussed subsequently in
this paper. The average and maximum differences between

Imn Expt? LAPW® LCAOG® the current calculation and experiment values of Mdalte

G p(G) p(G) ApG) PG Ap©G) merely 0.00%.5 (equivalent to 0.005 e for the structure fac-
111 20.440 20.43 torg and 0.01Lg (equivalent to 0.011 e for the structure
200 19.112 19.08 factorg, respectively. It is rather surprising that LSDA give
220 15.475 15.40 such a high level of accuradjor G#0), which rivals, and
311 13.649 13.58 actually surpasses what we was found fof Biowever, note
222 13.16 13.134 0.03 13.07 0.09 that while the calculated results pertainTe=0 K, the ex-
400 1151 11548 —0.04 11.47 0.04 perimental data were measured at room temperature. Thus,
331 10.602 10.52 the surprisingly excellent agreement is due largely to the
420 10.359 10.28 facts that:

422 9.478 9.40 (i) The measured room-temperature Ni magnetic moment
333 894 8.953 —0.01 8.88 0.06 is ug, while at T=0K Ni was found to have a magnetic
511 8.993 8.93 moment of 0.60fag, a change of-6%, which implies that
440 8.297 8.24 the T=0 experimentalmagnetic structure factors f@>0
531 7.988 7.93 are probably~6% larger than in Table V.

442 7.880 7.82 (i) The calculated magnetic structure factors fad>0
600 7.87 7.928 —0.06 7.87 0.00 include only the spin contribution. The orbital momefur
620 7.578 the G=0 term) accounts for about 8% of the total moment,
533 7.334 so that the orbital moment contribution we left out fGr
622 7.289 #0 likely cancels the temperature effect in the experiment.
444 703 7.027 0.00 For M(G), we find a rather pooR factor of 6.4% owing
551 6.883 to a very small denominator in EG7) for X=M(G). Such a
711 6.916 test is rather stringent for the magnetic structure factors and
640 6.842 will be most favorable for the total structure factors of heavy
642 6.657 atom (with large atomic number Z Previous LCAO
553 6.528 calculationé® also gave fairly good agreement with experi-
731 6.551 ment for M(G), with an average difference of 0.00¢, a
800 6.36 6.387 —0.03 maximum difference of 0.04bs, and anR factor of 9.1%.
733 6.256 Figure 2 show that magnetization density distributions in
555 6.02 5.996 0.02 the [001] crystal plane as contour plots. The contours with
1000  5.39 5.400 -0.01 zero magnetization density are marked by thick lines and
666 521 5.189 0.02 with labels “0.” Figure Aa) is the result of our direct LAPW
Ap 0.02 0.04 calculation, while(b) gives the Fourier summation of our

. . ~ LAPW-calculated magnetic structure factors using@val-
8Measured at room temperature by the white-beam x-ray dlffractlorhes listed in Table V plus th&=0 term. Figure &) is the
tgchnigue in Ref. 21. The original spin structure factor data Werg=q rier summation of the experimental magnetic structure
given in terms ofM(G)/M(000) whereM(000)=0.57us. factors withM(G=0)=0.573ug, while (d) gives the Fou-
®The present fully relativistic LAPW calculations using the Ceper- . NG .

rier summation of the experimental magnetic structure fac-

ley and Alder exchange-correlation potentiRef. 31) as param- _ .
etrized by Perdew and ZungéRef. 32. tors except forM (G=0), for which we use our calculated

°Nonrelativistic LCAO calculation by Wang and Callawéef. 23 value of 0.60%g. We notice the following featurest) The

using the von Barth—Hedin exchange and correlation IOotenti(,jlmagnetization density distribution is very localized near the
(Ref. 2. atomic site.(ii) In the interstitial region, the magnetization

densities have small negative valu@i) The directly calcu-

bination of atomic orbital§LCAO) calculation(only four G lated moment densityFig. 2(a) without any Fourier summa-
vectorg for Ni has anR factor of 0.46% and a maximum tion errorg is very smooth everywheréiv) Magnetization
difference of 0.09 &3 densities assembled by Fourier summatifiigs. 4c) and

Table V and Fig. 1 show that the LSDA theory repro- 2(d)] resemble and capture the main features of the directly
duces the experimental magnetic structure factors extremelalculated densityFig. 2(a)]. However, Fourier summation
well for G#0 when the calculations are performed at theof only a limited number of terms~30) creates spurious
experimental value of the lattice constant. We emphasize thdéatures in the interstitial region and reduces the directional
the calculated magnetic structure factor values evaluated é&tbes[along the(110) and equivalent directionseen in the
the experimental lattice constant are much closer to the medull density[Fig. 2(@)]. (v) Calculated Fig. 2(b)] and experi-
sured ones than the calculated ones at the LSDA lattice comnental [Fig. 2(c)] densities(both assembled using Fourier
stant, with deviations from experiment being smaller by asummationsresemble each other well except in the intersti-
factor of 2 or more for the former versus the latter. With thistial region. (vi) Whether we use thel=0 or room-
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TABLE V. Magnetic structure factors for ferromagnetic Ni.

Imn Expt2 Expt®? LAPW¢ LAPWY LCAO®

G M(G) M(G) Ms(G)  AM(G) Ms(G)  AM(G) Ms(G)  AM(G)
111 0.454 0.458 —0.004 0.441 0.013 0.442 0.012
200 0.403 0.402 0.001 0.385 0.018 0.388 0.015
220 0.256 0.253 0.003 0.238 0.018 0.245 0.011
311 0.184 0.178 0.006 0.165 0.019 0.172 0.012
222 0.178 0.169 0.172 0.006 0.159 0.019 0.165 0.013
400 0.090 0.087 0.093 —0.003 0.082 0.008 0.088 0.002
331 0.096 0.089 0.007 0.081 0.015 0.086 0.010
420 0.076 0.071 0.005 0.063 0.013 0.068 0.008
422 0.062 0.056 0.006 0.049 0.013 0.053 0.009
333 0.062 0.046 0.051 0.011 0.045 0.017 0.049 0.013
511 0.021 0.024 —0.003 0.019 0.003 0.023 —0.002
440 0.033 0.027 0.006 0.023 0.010 0.026 0.007
531 0.018 0.016 0.002 0.012 0.006 0.015 0.003
442 0.030 0.023 0.007 0.019 0.010 0.022 0.008
600 -0.014 -0.005 -0.008 -0.006 —0.011 -0.0038 -0.008 —0.006
620 —0.005 —0.005 0.000 —0.007 0.002  —0.005 0.000
533 0.021 0.011 0.010 0.009 0.012 0.011 0.010
622 0.003 —0.003 0.006 —0.005 0.008 —0.003 0.006
444 0.021 0.016 0.011 0.010 0.009 0.012 0.011 0.010
551 0.005 0.002 0.003 0.000 0.005 0.002 0.003
711 -0.027 -0.020 -—0.007 -0.021 —0.006 —0.020 —0.007
640 —0.001 —0.003 0.002 —0.005 0.004 —0.004 0.003
642 0.001 —0.002 0.003 —0.003 0.004 -0.002 0.003
553 0.007 0.002 0.005 0.001 0.006 0.002 0.005
731 —0.016 -0.013 —0.003 -0.013 —-0.003 -0.013 —0.003
800 —-0.03 —0.019 -0026 -0.010 -0.026 —0.010 -0.026 —0.010
733 -0.010 -0.008 —0.002 -0.008 —0.002 —0.008 —0.002
AM 0.005 0.010 0.007

Measured at room temperature by the neutron-diffraction technique in Ref. 19. The original spin structural
factor data were given in terms & (G)/M(000) whereM (000)=0.573ug .

bMeasured at room temperature by the white-beam x-ray diffraction technique in Ref. 21. The original spin
structure factor data were given in termsh{G)/M (000) whereM (000)=0.57ug .

“The present fully relativistic LAPW calculations at the experimental lattice congBabe4 A using the
Ceperley and Alder exchange-correlation poter(fRef. 31 as parametrized by Perdew and Zungref.

32).

9The present fully relativistic LAPW calculations at=3.44 A (close to the calculated lattice constant for

Ni) using the Ceperley and Alder exchange-correlation pote(Rief. 31) as parametrized by Perdew and
Zunger(Ref. 32.

®Nonrelativistic LCAO calculation by Wang and Callaw@ef. 23 using the von Barth and Hedin exchange
and correlation potentigRef. 2.

temperature magnetic moment values for Mh¢G=0) term  the inert core electrons, while the bonding charge density
the ensuing magnetization density mébggs. 4c) and 2d)]  further reveals how electrons are redistributed in forming a
are nearly indistinguishable. crystal from isolated atoms. We obtained the isolated atomic
We have seen that the magnetization density can be asharge density using the same LSDA formalism but assum-
sembled reasonably well using btt30 terms in the Fourier ing a spherical potential and solving the spin-polarized Dirac
summations for Ni. This follows from the rapid decay of the equation. We took the atomic configuration for Ni to be
magnetic structure factdM(G)] shown in Table V. The [Ar]3d®4s?. Figure 3a) is our directly calculated LAPW
charge-density structure factigs(G)], on the other hand, de- results, Figs. @) and 3c) show the charge densities as-
cays rather slowly, as can seen in Table V. Figure 3 showsembled using Fourier summation with= 28 (the same as
our calculated bonding charge density, defined as the differin the summation for the magnetization density in Fig.53,
ence between the calculated solid charge density minus thrend 199 terms in Eq4). We see thalN=28 produces a
overlapping atomic charge density. We show the bondindponding densityfFig. 3(b)] that is extremely different from
density rather than the total charge density since the totdhe full LAPW bonding densitfFig. 3@]. At N=59, the
charge density is nearly spherical and is overshadowed bljourier synthesized densifiFig. 3(c)] starts to resemble the
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FIG. 1. Comparison of calculated and experimental magnetic
structure factord/ (G) (ug) as a function ofs. Squares and circles
denote the room-temperature measured data from Ref. 19 using the
neutron-scattering technique and from Ref. 21 using the white x-ray
scattering technique, respectively, while stars denote our calculated
results(spin only atT=0); see text for details.

7

(© EAPcalc (G)eiG-r (d) zApcalc (@) eiG'

LAPW bonding densityFig. 3(a)] near the atomic site, but it

produces noise in the interstitial region. Only for the rela- FIG. 3. Ni bonding charge densifyotal charge density minus

tively large N=199 value(that is probably outside the reach overlapping atomic charge densitcontour plots. () Direct

of current experimenjs do we see that the Fourier- LAPW-calculated resultgb) Fourier-synthesized bonding charge-
: : . : : density map usingN=28 terms as we used in Fig(l® in the

synthesized bonding charge dendiBig. 3(d)] is nearly in- e X ) . .

dBi/stinguishabIe frorr? the f%" LAPS‘\_;I\}’%ondir]wg densiﬁ){}ig. magnetization density mafc) Fourier-synthesized bonding charge

. . ., density usingN=59 terms.(d) Fourier-synthesized bonding charge
42
3(a)]. Dobrzyrski et al* produced a magnetization density density usingN=199 terms. It is seen that the total charge density

map for Ni using a maximum-entropy method and the ex-onyerges much more slowly than the magnetization density with
perimental magnetic structure factd?s;’ and the presently yegard to the Fourier synthesis. The zero charge dengities
calculated spin-density map resembles such a map extremedyo] are indicated by thick solid lines labeled with number 0, the
well. contour increment is 0.1 e/

D. Pt;Cr and Pd;Cr
(@) Mg (9 (b) X Meaic (@) eiGr We have seen remarkably good agreement between our

@-@ \ % calculated and the experimental magnetic structure factors
0 >

%

S0 {7

and magnetization density distribution for fcc Ni. Such a
level of agreement is not found for .

Table VI gives the calculated and measured magnetic
structure factors. The calculated values contain only the spin
contribution (the major contributionto the magnetic struc-
ture factors and pertains =0; the orbital contribution to
the total magnetic momefM (G=0) term]| is only a small
fraction, as seen previously. The experiment was carried out
at T=4 K and naturally contains both spin and orbital con-
tributions. The experimental data were estimated from Fig.
10 of Ref. 15. Figure 4 depicts the results of Table VI and
further separates the data into two grou@s:‘Fundamental
reflections” denote thos& vectors that are allowed in the
L1,-parent lattice, i.e., the fcc lattice; arth) “Superlattice
reflections” denote nevi vectors introduced due to order-

' ing of the sublattice. We see reasonable agreement between
experiment and theory for most of th@ vectors, with a
difference of~0.05ug, approximately a factor of 10 larger
than what we saw for Ni, but large discrepancies exist for

density usingN =28 calculated Fourier terms from the LAPW re- G=(100), (11), and_(ZOO), Where_ the differences are larger
sults. (c) Fourier-synthesized magnetization density ushhg 28 than 0.3g, apprOXImater 40_ times 'afgef than th? mea_n
experimentally measured room-temperature magnetic structure faglifference found for fcc Ni. This large discrepancy is a bit
tors. (d) Fourier-synthesized magnetization density udihg28 ex-  surprising. The source of this discrepancy might due to both
perimentally measured magnetic structure factors except for theXperiment and LSDA theory which may inadequately treat
M(G=0) term for which our calculate@=0 magnetic moment is & system such as §&r (see discussion belgw

used (0.60%). The zero magnetic densitie® (r)=0] are indi- Figure Ha) illustrates the magnetization densitgpin
cated by a thick solid line labeled with number 0. Contour levelonly) as a contour plot in thE001] plane containing Pt and
increment is 0.5 /A3, Cr atoms. One notices the followingi) the magnetization

(&
£

(0T

'\0 =
S () )

(€) X Mexpt(G) eiG*r (d) X Mexpr (@) eiGer

FIG. 2. Ni magnetization density contour plot&) Direct
LAPW-calculated result.(b) Fourier-synthesized magnetization
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TABLE VI. Magnetic structure factorgfor G>0) for P§Cr and P¢Cr. The experimental data were
estimated from Fig. 2 in Ref. 14.

G P&Cr P4Cr
Imn Expt?2 LAPWP LAPWS LAPW LAPW® LAPWS
100 2.45 2.150 2.145 2.156 2.219 2.077
110 1.64 1.735 1.736 1.744 1.792 1.643
111 1.05 1.416 1.423 1.425 1.441 1.287
200 0.90 1.204 1.216 1.220 1.231 1.089
210 0.86 0.987 0.999 1.004 1.025 0.913
211 0.72 0.812 0.826 0.832 0.846 0.754
220 0.53 0.600 0.613 0.615 0.625 0.535
300 0.49 0.536 0.550 0.557 0.559 0.500
221 0.43 0.504 0.516 0.519 0.529 0.452
310 0.44 0.486 0.497 0.500 0.508 0.436
311 0.33 0.420 0.429 0.433 0.440 0.374
222 0.31 0.318 0.326 0.326 0.335 0.277
320 0.31 0.317 0.324 0.326 0.330 0.283
321 0.26 0.282 0.287 0.287 0.294 0.246
400 0.20 0.282 0.286 0.292 0.293 0.257
410 0.25 0.239 0.243 0.244 0.246 0.211
322 0.16 0.172 0.175 0.174 0.179 0.147
411 0.16 0.174 0.177 0.180 0.179 0.154
330 0.09 0.109 0.111 0.113 0.114 0.084
331 0.09 0.113 0.115 0.115 0.119 0.094
420 0.10 0.135 0.136 0.138 0.140 0.118
421 0.095 0.096 0.097 0.098 0.075
332 0.053 0.054 0.053 0.055 0.035
422 0.049 0.050 0.050 0.052 0.036
500 0.083 0.084 0.088 0.083 0.069
430 0.072 0.072 0.072 0.074 0.061
510 0.090 0.091 0.093 0.091 0.077
431 0.047 0.047 0.047 0.048 0.037
511 0.07 0.081 0.091 0.085 0.084 0.074
333 0.00 —0.006 —0.005 —0.008 —0.004 -0.018
520 0.038 0.038 0.040 0.038 0.028
432 0.009 0.010 0.008 0.011 0.001
521 0.042 0.042 0.043 0.042 0.034
440 0.01 -0.010 —0.009 -0.010 —0.009 -0.017
522 0.003 0.004 0.004 0.004 —0.002
441 —0.039 —0.037 —0.038 —0.038 —0.049
530 -0.021 —0.020 —0.020 -0.021 -0.031
433 -0.025 -0.025 —0.026 —0.024 -0.028
531 0.00 —0.009 —0.009 —0.009 -0.010 -0.014
600 0.06 0.052 0.052 0.056 0.051 0.051
442 -0.01 -0.037 -0.037 -0.039 -0.038

Expt.

bpresent LAPW calculation using the CA potential with one energy window and spin-orbit interaction.
‘Present LAPW calculation using the CA potential with two energy windows and spin-orbit interaction.
dPresent LAPW calculation using the CA potential with two energy windows with no spin-orbit interaction.
®Present LAPW calculation using the HL potential with two energy windows and spin-orbit interaction.
fPresent LAPW calculation using the CA potential with one energy window and spin-orbit interaction.

density is primarily localized around the Cr atomic sites withmoment is slightly negativésee the Pt spin-moment results
small volumes of negative valug$;) the magnetization den- in Table Il). Figure §b) shows the Fourier synthesized mag-
sity around the Pt atomic site is very small compared withnetization density with 5@ vectors in the summation of Eq.
that around the Cr site, and the density near Pt contains botl6). Comparing Figs. & and 3b), we notice that the Fou-
positive and negative regions, so that the total, integrateder summation with 50 termiFig. 5(b)] gives a reasonable
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3.0 T

. this difference, we have done the following exercise: we

s @ Pt3Cr ‘Fundamental Fourier assembled our magnetization density by replacing
20+ - three of our calculatet (G) values[G=(100), (111), and
. (200] with those of experiment, while keeping the rest of the
10 L o Z | terms (47) as our calculated values. These th@evalues
s were those that gave a large disagreement with experiment
—_ L b for M(G). Figure 5c) shows such a “potpourri” magneti-
@ 00 F--------mmmme e B B - oo . . s .
=% ‘ . . . ' zation density, where it is interesting to note that the magne-
‘é 3.0 : : : : ; tization density around Pt site are all negative now, and are
s ®) "Superlattice" approximately a factor often larger than the density values
20 L * Exot | 1 around the Pt site in Fig.(B). Thus, it appears that the
5 c EXp M(G) values of these three “bad actoiG vectors[(100),
ol +_Cale (111), and (200] make a significant difference in the mag-
' 5y ) netization density map as well as in any subsequent analyses
LI % concerning the site magnetic moments around the Pt and Cr
00 “““‘_‘__“““““"‘*‘f*“ﬁ‘#‘#’ S|tes

00 o 20 30 40 50 6o It appears to us Fo be worthwhile to repeat some of the
’ ’ ’ | él ' ' ' magnetization dgnsny measurement fogCl?tan.d to also
perform calculations beyond LSDA, as we believe that nu-

FIG. 4. Comparison of experimental and calculatede energy ~ merical errors in our calculations are much smaller than the
window, spin-orbit interaction includedPt;Cr magnetic structure discrepancy between theory and experiment reported here.
factors as a function of the reciprocal-lattice ved®@f values(in From our discussion for the Ni spin-density comparisons
units of 27/a, wherea is the cubic lattice constant-or clarity, the ~ with experiment and theory, we can argue that performing
plots are separated into two grou(@ “fundamental reflection,”  the spin-density calculation at the LSDA-determined lattice
thoseG values that are allowed in the fcc lattice, the parent latticeconstant will only make the comparisons worse. Since there
of the L1, structure, andb) “superlattice reflection,” those extra s no substantial literature on such comparisons for interme-
G values that are allowed due to sublattice ordering. Experimentalg|jic compounds we discuss some general ideas and reasons
dfita were measured using the spin-polarized neutron beam tecfy expect that conventional LSDA theory might fail for some
nique from Ref. 14. magnetic systems despite the excellent agreement we have
found for Ni.

In recent years, where highly precise first-principles stud-
ies such as the ones presented here have been reported, it has
: become clear that in magnetic systems in particular, or cop-
as was the case for fcc Ni. o per oxide systems as another example, LSDA has had some

_ Burke et al.™ Fourier assembled the magnetization den-y, yjitative and quantitative failings. In some cases, such as
S|fcy of PCr using the_lr measur.ed rnagnetp structure factor_§ome of the highF,, copper oxide systenf€ even the wrong
with ~50 terms. Their magnetization density shows & poSiyround-state crystal structure has resulted from LSDA calcu-
tive, spherical distribution around the Cr sites and a ”ear|¥ations, although phonon calculations that in principle de-
spherical negative distribution arognq Pt _sites, q_uite differenbend very sensitively on the total charge density show good
from our Fourier assembled density in Figbpwhich have  54reement with experiment. Therefore, there may be reason
both positive and negative regions. In order to understang, expect that the magnetic charge-density errors in some
intermetallic systems may be substantial, even though other
| @ Meac) | [(0) SMea(@)ei®™r] [(€) T Mmi(@)ei6™] calculated properties could show good agreement with ex-
periment. Further insight into the role of the exchange-
correlation approximation inherent in LSDA, and the pos-
sible improvements by using extensions such as the
generalized-gradient approximation apprddadr LSDA+U
methodé* would be desirable, as would further experiments
on these systems, in an attempt to clarify these issues.

Table VI also gives our calculated magnetgpin only
structure factorM(G) for PdCr; as far as we know, no
experimental data exists for this material. We see that the

representation of the untruncated magnetization defiSity
5(a)]. We note that including only 50 Fourier terms for syn-
thesizing the charge densitgot shown hergis inadequate,

FIG. 5. Contour plot of the calculated magnetization density . o
(spin only of PCr. (a) Direct calculation, corresponding to a Fou- magnitudes ofM(G) are similar to those of BCr at the

rier summation oN— oo terms,(b) Fourier-synthesized magnetiza- sameG velctor and so is the dependenceld(G) on theG .
tion density map withN =50 terms (c) Fourier-synthesized magne- vc_ecto_rs. Figure 6 shows our calculated magnet!c_densny dis-
tization density map as itb) except we replaced the thra¢(G)  tribution of PdCr on an[001] crystal face, where it is seen to
values[G=(100), (111), and(200)] with the measured values. The b€ in striking resemblance to that ofs€t (Fig. 5), i.e., the
positive and negative magnetization density values are indicated bjagnetic density distribution is overwhelmingly on the Cr
solid and dashed lines, respectively. The zero magnetization densitomic site, while there is only a small magnetic density
contours are indicated by thick solid lines labeled with 0. The con-distribution (both positive and negatiyearound the Pd at-

tour increment is 0.0dg /A3, oms. The integrated magnetic moment around the Pd site has
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Pd3Cr

For PtCr the agreement is less satisfactory for the mag-
netization density due to the discrepancy between experi-
ment and theory for several of the smallest reciprocal-lattice
vectors, although the overall comparison between theory and
experiment is qualitatively similar—both J&r and PgCr
have the major part of their magnetization densities around
Cr with a much smaller magnetization density around Pd or
Pt, mostly of the opposite sign to that of Cr. These materials
are characterized in the literature as ferrimagnetic, but we
emphasize that the Pd and Pt moments are extremely small.
By direct calculation we have shown that the orbital contri-
bution to the magnetization density is small in these materi-

FIG. 6. Calculated P&r magnetic densityspin only on the  als, in good quantitative agreement with recent experiment.
[001] plane containing Pd and Cr atoms. The contour white lines Given the excellent agreement we have found between
indicate zero spin-density levgM(r)=0]. The spin density is theory and experiment for Ni, the discrepancy between
dominant around the Cr atoms at the corners, while the spin densiiheory and experiment for several of the magnetic structure
around the Pd ator@at the centeris very small. The spin density is factors for P{Cr is puzzling. We suggest that new experi-
very similar to that of RCr. ments and calculations beyond simple LSDA for botkCPt

and PdCr would be highly useful in clarifying this issue.
only a very small negative value. We encourage experimen- We have also shown that care must be taken in comparing
tal studies to compare with our predicted magnetic propertietheory and experiment, as the experimentally determined
of Pd,Cr. magnetization density is synthesized using a firfitéten
quite limited set of Fourier components, and truncation er-
rors can be considerable.

Magnetic Density (llg/ A3)

<100>

IV. CONCLUSIONS

We have presented results of charge- and magnetization
density calculations for fcc Ni antd1, structure PiCr and
Pd;Cr using the full-potential LAPW method. The agreement
between the measured and calculated results for Ni is ex- The authors gratefully acknowledge the support of the
tremely good, on the same level of excellent agreement a8ampus Laboratory Collaboration Program of the University
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