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First-principles calculations can make quantitative predictions of many properties of solids including mag-
netic hyperfine fields By;). The inclusion of relativistic effects becomes important in this case. We have
selected to study three systems in order to assess the importance of orbital and dipolar contributioBg; to the
and its anisotropies: bulk bcc Fe, hcp Co, and the FEIB@ interface. For the last two, in-plariparallel to
the hexagonal planes and to the interface, respecjiaaly perpendicular magnetizations were considered. The
influence of different exchange-correlation potentidéeal density and generalized gradient approximation
and the inclusion of the orbital polarization tefamown to improve the evaluation of orbital momenits the
Hamiltonian is reported. A comparison is made with other theoretical studies and to experiment when possible.

DOI: 10.1103/PhysRevB.63.184413 PACS nuni®er75.70.Cn, 76.80:y

I. INTRODUCTION included in the evaluation of the orbital and magnetic dipole
contributions toBys. However, the theoretically calculated
Electrons in a solid produce a magnetic field at the site obrbital magnetic moments underestimate the experimental
the atomic nucleus: the magnetic hyperfine field of an atonvalues by approximately 50%. Other effects, namely noncen-
or ion, By;. For an observer at the nucleus, the hyperﬁnetral field contributions to the electron-electron interaction
interaction is caused by the interaction between this magand orbital current polarizatichare neglected.
netic field produced by the electron spin and orbital currents According to Brooks, ! an extension to LSDA can be
and the magnetic moment of the nucleus. Different nucleaf?@de to account for the spin-orbit induced orbital polariza-

methodg Mossbauer-effect spectroscofMES) and nuclear  tion (OP), which gives magnetic moments in fairly good
magnetic resonana®MR)] can be used to measure it. agreement with the experimentally observed values. Re-

Magnetic hyperfine field§HFF’s) can give information cently, Ebert and Battocletti showed that formally the or-

about the electronic structure and magnetic properties of gﬁa:afgg”fzr ﬁ#’%ﬁﬁgﬁftggngt Iiruor?cliiso:;s tLhee o(rgE)nET:[)O be
solid as they probe the electron spin density close to the b Y '

. . . i . Which should provide a sound and rigorous basis for the
nucleil Of interest is the relation of the local magnetic mo- P 9

h d the h fine field. H fne fiel investigation of properties related to orbital magnetiSmle
ment on the atom and the hyperfine field. Hyperfine field, o 5 point out that Brooks's OP term is quite different

measurements are element and site selective and thus allgyyy, the exchange-correlation vector potential which ap-
us to probe the local environment and the coordination NUMpears in CDFTE

particular, hyperfine techniques have become important iylations within LSDA and GGA including spin-orbit cou-
the study of magnetism in multilayers and thin films. Hyper-pling in order to study magnetic moments and the influence
fine studies for example have been used to determine thef orbital and dipolar contributions to the hyperfine field. We
magnetic anisotropy in ultrathin Fe/Ap0) films? and to  also address the issue of how sensible these two contribu-
study the induced magnetization of nonmagnetic metallitions are to a self-consistent inclusion of the OP mechanism
spacers of, e.g., Cu in Fe/Cu multilayémsnd Ag in the in the calculation(as proposed by Brooks'). Three sys-
Fe/Ag100) interface?® tems are investigated: bulk bcc Fe withi|[001], bulk hcp

Generally the interp_re_tation_ and undgrstanding of meagcg (with M||[0001] or [1120]) and Fe/Ag100) with M ei-
sured values oBy; are difficult since the origin oBc comes  ther perpendicular or parallel to the interface. We want to
from the behavior of electrons in the inner region of thestress the fact that we study the anisotropy in the hyperfine
atoms close to the nucleus. Their values are sensitive to dgyteraction and the relative influence of the orbital and dipo-
tails such as interlayer distances and reconstructions at thgr terms when going from bulk Fe to the Fe/Ag interface
interface. and establish the degree of prediction thhtinitio determi-

All electronab initio theoretical studies based on the local pations have for these quantities by comparing to experimen-
spin density(LSDA) and the generalized gradient approxi- 15| data.

mations (GGA) to (spin density-functional theory(DFT)

have shown to p.rowde a pract_lcal to_ol for the m_vestlga.tlo_ns Il. DETAILS OF THE CALCULATIONS

of many properties of solids including magnetism. Within

LSDA (or GGA), spin-orbit(SO) coupling is the only effect In the present study the full potential LAPW method has
considered responsible for orbital magnetization and to béeen used as implemented in theNg7 code'**® This has
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proven to be One.Of the mOSt accurate schemes for eleCtronWhereTZ is thez component of the angu|ar moment operator,
structure calculations of solids. All electrons are treated selfthe z axis being parallel to the magnetization, angdis the

consistently, the core fully relativistic and the valence elecprojection of the orbital moment on tteaxis:

trons scalar relativistically. We have included local orbitils

(in addition to the usual LAPW bagior the high lying core

states—the so-called semicore states—to increase the flex- N

ibility of the basis set. Lz:% Nl i il 2l 4 0 3
Within this method the unit cell is divided into nonover- '

lapping atomic spheres and an interstitial space. The poten-

tial is expanded into spherical harmonics inside the atomic/i k iS the eigenstate of an energy banalith a wave vector

spheres and in plane waves in the interstitial space. A similaf; Nj « are the occupation numbers. Finally the paramijgr

expansion is used for the basis functions. Spin-orbit effectés equal to the Racah parameRefor the d electrons ande®

are treated within a second variational approdcfthis  for the f electrons. Racah parameters are easily calculated

means that the Hamiltonian without the spin-orbit couplingonce the wave functions inside the atomic spheres are known

is diagonalized first. Then an energy cutoff is chosen andsee, €.9., Ref. 25

only the states under this spin-orbit cutoff energy are used as In our computational schemélop is treated using the

a basis for diagonalization of the Hamiltonian including thesecond-variational methdd, i.e., in the same way as the

spin-orbit coupling. This procedure is faster compared to thepin-orbit coupling. In the framework of this approaliap

direct inclusion of the spin-orbit coupling into the Hamil- is proportional to the orbital momentum operator At the
tonian. The accuracy of this approach can be systematically S ) 4
controlled by the energy cutoff. Same timeH p andH,, are coupled via Eq(l). Therefore

Al calculations have been performed using density-2" additional self-consistency loop must be added into the

functional theory and both the LSDA approximation of per-Ccomputational scheme. In the first sﬂepis calculated using
dew and Wan#f and the PBE-GGA approximation for the the eigenfunctions of the Hamiltoniaf,, which does not
exchange-correlation functiontl. contain the orbital polarization teriibut the spin-orbit cou-
We use identical muffin-tin sphere radii for Fe, Co, andpling). Hqp is then determined using the expression above
Ag of Ryr=2.2 a.u. Fe and Co have semicorg 8nd va- g the eigenfunctions ¢,+Hqp are found.L, is calcu-
f{;'czri‘g’ ;ngt§§;at$ﬁ’eagge'?gyhgjtf)?fr?go{ﬁeétiI\;‘;J/‘\l/er\;\f:ve lated in the_ new basis and_ the ne%p_is const_ructed. The
' ' procedure is repeated until self-consistency is reached. We

fL_mct|on_s was set tdECUt:.lg'z Ry. We have used a suffi- found that for the systems discussed here the procedure con-
ciently finek points sampling. "? the present calculations, forverges fast and no mixing of the intermediate results is nec-
the bulk systems the experimental lattice constards (essary

=5.405 a.u. for bee Fe angi=4.743 a.u.c=7.691 a.u. for The relativistic expressions for tHgy in a perturbative

hcp Cg were used in order to evaluate the accuracy of the?pproach have been derived by several grép@.In the
present approach while comparing to previous theoretic%west orderB, is given by

analyses within a fully relativistic approach at the same lat-
tice parameteré??! Moreover, we have tested the results of
the LSDA and GGA approximations to the HFF’s in bce Fe Bp= B3+ BC+ B (4)

at the calculated structural parameters within each approxi-

mation @=>5.205, 5.351 a.u. for LSDA and GGA, respec-

tively). The Fe/Ag100) interface is modeled using the su- Which consists of the conventional contact teBiis, and the
percell approach, where we use a five-laggd0) Ag slab  orbital and dipolar contribution8g; +Bf. The latter are
with the theoretically determined lattice constant of fcc Agusually called the nos-contribution to the hyperfine field,

as predicted by GGA, which deviates by 1.13% from theB}?. Further decomposition d8ff is made as a sum @Fy
experimental value. Additional fivél00 layers of bcc Fe (contact valende and Bf{ (contact corg In our scalar-
assume a lattice constant fixed by the Ag substrate in theelativistic approach an expression derived by dgiéf for
(100 plane. The interlayer spacings in Fe correspond to th@( has been used. Simple relations exist between the spin,
DFT-GGA calculated lattice constant. The interface separaprbjtal and magnetic dipole moments and the contact, orbital,
tion d; was determined from energy minimization. ~and dipolar contributions to the hyperfine fiefds.

As already mentioned, it is found that the use of either |n gl results here presented we have only considered the
LSDA or GGA leads to a considerable underestimation Oﬁntra_atomic hyperfine f|e|ds and’ for S|mp||c|ty, ha\/e ne-
the orbital magnetic moment&”* The orbital moment may glected those contributions from the spin moments on the
be enhanced by the inclusion of the orbital polarizationgther atoms. That interatomic field comes only from the

term?* which mimics the second Hund's rule: magnetic dipole and orbital terms, and therefore is small. For
cubic systems, this effect is zero and for hcp Co has been
Bo=H] 1 estimated to be less than 0.05 K&its detailed evaluation
OoP~— lorb'z» ( )

for the Fe/Ag interface problem is outside the purpose of our
study but we expect it to be small compared to the intra-
Hom=—1opL7, (2 atomic contributions.
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TABLE I. Spin and orbital magnetic moment81(M,) and hyperfine field B,;) for bulk bcc Fe for
M|[[001]. BEY, BES, B, BY, B are the contact-valence, contact-core, contact-total, orbital, and dipolar
contributions to the hyperfine field, respectively. SO means that spin-orbit has been included-a@PSO
indicates that the orbital polarization contribution has been a¢skseiteXt The indicesexptandcalc mean
that the calculations have been performed at the experimental or DFT-L&WB¥) theoretical lattice
constant, respectively. A comparison is also made with previous LSDA calculdgriie experimental
lattice constantby Guo and EbertRef. 20, and experimentRef. 29. vBH means von Barth-Hedin local
density potential and VWN Vosko-Wilk-Nusair potentigee Ref. 2Dfor details. Magnetic moments are in
ug and hyperfine fields in kG.

bcc Fe SO
M B B Bfi Mo BY B By
Present work (LSDAY® 2.23 —-46.3 -—258.1 —-3044 0.048 26.0 0.0 —278.0
Present work (LSDA‘)alc 2.03 —-414 —231.2 -—2727 0.038 194 0.0 —253.2
Present work (GGAY® 2.23 —342 —2879 —3221 0.045 241 0.0 —298.0
Present work (GGA‘)alc 2.20 —-36.8 —283.3 —3201 0.041 20.6 0.0 —2995
Guo-Ebert(vBH) —-659 —2375 —3034 152 0.0 —288.2
Guo-Ebert(VWN) 2175 —728 —250.2 —323.0 0.042 152 0.0 —307.9
Experiment 2.13 0.080 —339.0
SO+ 0P
Mo By B Bh
Present work (LSDAY® 0.086 513 0.0 -253.1
Present work (LSDAY" 0.060 33.6 0.0 —239.0
Present work (GGAY® 0.078 457 00 -276.4
Present work (GGAFR® 0.065 36.2 0.0 -283.9
Experiment 0.080 —339.0
ll. RESULTS ferences are mainly caused by the different lattice constants.
Our results are summarized in Tables I-Ill. Table | pre- Interestingly, the DFT-GGA predicted spin magnetic mo-

mentM differs by less than 5% from the experimental value
and from other DFT-LSDA result&t the experimental lat-
tice parametér’® On the contraryM,, the orbital magnetic
moment, as predicted with SO, is found to be 50% too small
when compared to the experimental value. This can be par-
shown, and in the lower panel results which include orbitaltlally cqmpensated by the inclusion of Brooks QP term as
polarization (SG- OP) effects are listed. shown in the lower panel of Table I. Orbital coptrlbutlons t.o
For bulk bcc Fe withM||[001] (see Table )l we report Bhf_are of the order of 8% of Fhe total value. Dipolar contrl—
values calculated with both LSDA and GGA potentials,bunons vanish due to the cubic symmetry of the surrounding.
evaluated at the experimental equilibrium structural param- Comparing now the magnitude of the different contribu-
eters(expt)’ as well as at the calculated LSDA or GGA lat- tions to Bhf of Fe bcc bulk one sees that already the contact
tice parametefcald), respectively. The differences in the cal- term Bf is close to the experimental valisee upper panel
culatedBy, (at the experimental lattice constamlue to the of Table ) and the addition of the positive orbital contribu-
use of different exchange correlation potentials amount up téion results in a 10% disagreement with the experimental
10% (see upper panel of Tablg The DFT-GGA calculated value. If SO+ OP is included, thépositive orbital contribu-
B¢ at the GGA determined lattice parameter differs by 0.5%tion is even more expressed. Although in this case the orbital
from the value at the experimental lattice constant. This isnagnetic moment agrees very well with the experimental
mainly because of the small 1% underestimation of the DFTvalue, the disagreement in the contact term is even larger
GGA parameter. On the other hand, LSDA predicts a lattic§about 25%.
constant much smaller than the experimental or&.(7%) The case of bulk hcp C¢Table Il) is similar. The SO
and the resulting8; becomes quite dissimilar to the other calculation predicts a spin magnetic moment close to the
theoretical values and much smaller 25%) than the ex- experimental value. But the orbital momem §) is a factor
periment. The(LSDA)®*®! result is the one to be compared of 2 too small. The contact term overestimaig by 10%
with the work by Guo and Ebeff:?* The difference between but adding the orbital contribution makes it 10% underesti-
these three LSDA results can be traced to the different pamated(see upper panel of Table)llThe orbital momenM
rametrizations used for the LSDA exchange correlation pois close to experiment when SEGDP is used but as in the
tential. From this comparison, it is clear that the larger dif-case of bulk Fe, the increased positive contribution of the

sents our results for bulk bcc Fe with||[[001], Table Il for
bulk hcp Co(with M|[0001] and[1120]), and Table I for
the Ag/F€00)) interface(with M perpendicular and parallel
to the interfacg In the upper panel of Tables I-Ill, the re-
sults with the inclusion of the spin-orbit terf80O) are
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TABLE II. Spin and orbital magnetic moment$/(M,) and hyperfine field By;) for bulk hcp Co for
M||[0001] or [1120] directions.BE!, B, B, B, BY; are, respectively the contact-valence, contact-core,
contact-total, orbital, and dipolar contributions to the hyperfine field. SO means that spin orbit has been
included and S@ OP indicates that the orbital polarization contribution has been added. The éxgéx
mean that the calculations have been performed at the experimental lattice constant. A comparison is also
made with previous LSDA calculation@t the same lattice constartty Guo and Eber{Ref. 20, and
experiment(Ref. 29. Magnetic moments ing and hyperfine fields in kG.

hcp Co SO

M Bht Bht BRf Mo Bt Bf B
M{[o00T]
Present work (LSDA¥®* 158 —71.2 —-193.9 -265.2 0.079 59.0 —-0.59 —206.8
Guo-Ebert(VWN) 160 -—-852 —190.5 -—275.7 0.077 48.60 1.89 —225.2
Experiment 1.52 0.140 —219.0
M|[1120]
Present work (LSDAY®* 159 —71.4 —193.9 -265.9 0.075 55.9 0.57 —209.5
Guo-Ebert(VWN) 159 -—-852 —190.5 -—275.7 0.072 4577 —1.27 —231.1
Experiment 1.52 0.140 —227.0

SO+0P
M, Bt Bf Bhs

M(fooog
Present work (LSDAY® 0.13 1009 -0.31 -—164.6
Experiment 0.14 —219.0
M||[1120]
Present work (LSDAY® 0.13 93.9 0.87 —171.1
Experiment 0.14 —227.0

orbital term makes the disagreement of the hyperfine field tdinterface distance;) within the GGA approximation and a
be of the order of 25%see lower panel of Table)llltis  7+7 supercell, obtaining a value df=3.5 a.u. Importantly,
interesting to notice thaM, decreases when going from the magnitudéBfj| is quite sensitive to the value df . For
M|[[000] to M|[1120]. The anisotropy is almost com- example, at the Ag side ranges from zeralat < to 400 kG
pletely caused by the anisotropy in the rdhyperfine field, atd;=2.5 bohr and the difference between its value for at-
which in turn is correlated with the anisotropy in the mag-oms Fg and Ag, i.e., across the Fe/A$00) interface, can
netic dipole and orbital moments. Therefore spin-orbit couvary from 140 kG to 0 wheml; varies from 2.5 to 3.7 a.u.
pling is essential in order to study the anisotropy in the hy-This suggests that it is important to allow for this relaxation
perfine field. We do reproduce a changeBgf in the right  before comparing theoretical results to experiments, and that
direction. The experimentally determined 8-kG anisotropy ofnyperfine-field measurements in combination with theoreti-
the By is reproduced in our calculations only when SO cal calculations can be used as a probe of the structural and
+OP is included. chemical environment of the considered atom in magnetic
Finally we analyze the case of the Fe[AQO interface  multilayers.
(Table I1l). We use supercells with five layers of Fe and an  Very recent experiments using the low temperature
equal number of Ag layers (65) as already described. At- nuclear orientationLTNO) technique for the Fe/Ad00
oms Ag, Ad,, and Ag; in the table denote the Ag atoms. interfacé® have complemented previous B&bauer studies
Ags is the Ag atom at the interface and Agan be consid- by Liu et al® and Schureet al® and shown that the induced
ered as representing an Ag bulklike atom. Atoms,Hée,,  Ag hyperfine field of the Ag at the Fe/Ag interface is di-
and Feg are Fe atoms and Eés the Fe atom at the interface. rected out of the plane of the multilayer, i.e., perpendicular
We note that because of the occurrence of interface induceid the magnetization of the Fe which lies in the plane of the
Friedel oscillations of magnetic moments and hyperfinemultilayer. The calculations we have performed assumed
fields in multilayers, the result for the magnetic moment ofthat the induced magnetic hyperfine field of the Ag is parallel
Fe, atoms, in particular, is at variance with that of bulk Fe to that of Fe, thus the results may not be directly compared to
(see Tables | and )l To obtain a better agreement the use ofthe experiments. Nevertheless, the relative influence on mag-
a much larger supercell would have been necessary. Nevenetic moments and hyperfine fields of orbital and dipolar
theless, test calculations for a7 supercell indicated that effects at the Fe atom of the interface, where larger effects
the conclusions made in this work are not affected by theare expected due to the reduced symmetry compared to the
size of the supercell used. We have relaxed the structureulk case, can be discussed. A straightforward comparison
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TABLE Ill. Spin and orbital magnetic moment$/,M ) and hyperfine fieldB,;) for Fe/Ag interface for
M| to the(001) and (100 directions. A 5+5 supercell was used. Atoms Agnd Fg would represent bulk
Ag and Fe, respectively. Atoms Agnd Fg, Ag and Fe at the relaxed interfadf!, B, B, BY,, BY are,
respectively the contact-valence, contact-core, contact-total, orbital, and dipolar contributions to the hyperfine
field. SO means that spin-orbit has been included and- GP indicates that the orbital polarization contri-
bution has been added. Magnetic momentggnand hyperfine fields in kG.

Fe/Ag(001) SO
Atom M BY BCS BE! M, By Bh B

M||(001)

Present worGGA) Ag; 0.00 81 -031 7.8 0.x10°3 085 14 105
Ag, 000 -21 -007 -21 0.4x10* -0.25 4.8 2.45
Ag; 0.04 —293.3 —-14.6 —308.0 0.3x10 2 5.9 9.4 —292.7

Fe, 2.82 59.8 —352.9 —293.1 0.078 450 —8.7 —256.8
Fe, 2.49 -46.3 —314.6 —361.0 0.053 29.0 1.6—330.4
Fe, 252 —8.6 —318.0 —326.6 0.050 27.0 2.6—297.0

M{|(100)

Present worKGGA) Ag; 0.00 83 -0.1 8.2 0.X10° 04 -0.6 8.0
Ag, 0.00 -19 012 -1.81 —0.1x10°% -04 -24 —46
Ags 0.04 —2929 -—145 -307.4 04102 65 —4.6 —3055
Fe, 2.82 60.0 —352.2 —292.2 0.062 34.9 4.1-253.2
Fe, 249 —46.2 —314.0 -—360.2 0.052 28.3 —0.9 —332.8
Fe 252 —82 —3171 -3253 0.050 28.0 —1.4 —298.7

SO+ 0P

Atom M, By B Bh

M| (001)

Present worGGA) Ag; 0.19<10°% 0.8 1.4 10.0
Ag, 0.15x10°% —0.05 4.8 2.6
Ags 0.3x10° 2 3.8 9.4 —306.8
Fe, 0.149 90.0 —8.9 —211.9
Fe, 0.094 56.0 1.4 —303.6
Fe, 0.083 49.0 25-275.1

M| (100)

Present worKGGA) Ag; 0.2x10°3 05 -07 8.0
Ag, -0.9x10% -05 -24 —-47
Ags 0.3x10°?2 55 —4.6 —306.5
Fe 0.104 61.9 3.9-226.4
Fe, 0.084 499 —-1.0 —311.3
Fe, 0.082 486 —15 —278.2

with the theoretical work of Guo and Eb&t'becomes dif- than the contact term. Whereas at the Fe side, the orbital
ficult since they only studied monolayers of Fe on fcc Agterm represents 20—-30% of the total hyperfine field. When
where many effects such as anisotropy become much mo@pproaching the interface from the Fe side, the orbital term
exaggerated. Some qualitative observati¢miso extracted increases due to the enhanced orbital mom@nt.The cal-
from their Fe/Au bilayers studigsare nevertheless similar. culatedBy; for Fe at the interface is reduced compared to that
Our main observations ardi) Spin and orbital moments ©f the corresponding bulk metal. This becomes mostly be-
increase as one approaches the interface from the Fe sideduse the valenceelectron hyperfine fieldyy on the Fe at
They are negligible at the Ag side. Yet, small induced mo-the interface changes sign and its magnitude overcompen-
ments are observed at the Ag interface lay@j.Interface-  sates the increasel; due to the enhancement df. This
induced Friedel oscillations at the Fe side are found in qualireduction is further increased by the enhanced orbital term.
tative agreement with experiments by Liu and GradmannThis is in agreement with monolayer-prob&e Massbhauer-
and theoretical pioneering work of Ohnigttial>* as well as  effect measurements on bcc Fe/fcc(AQ0) bilayers where

in more recent theoretical studiés this case for the Fe/Au several satellites were observed for tHEe at the interface.
interface.?® (iii ) Both the orbital and magnetic dipole contri- An average value of-283 kG between these satellites is
butions toBy in the multilayers are of comparable magni- close to our calculated values for the different magnetization
tudes in the Ag side of the interface and considerable smallesrientations obtained with SO. Similarly as for the Fe and Co
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bulk studies, the inclusion of OP reduces the t@&gl even In the case of Fe/Ag00 interface the hyperfine fields
further, while increasing the orbital magnetic mome).  are very sensitive to the interface separatipn And, d; in
The calculated magnetic anisotropyBp; from in-plane and turn to the exchange correlation energy used. If the mini-
perpendicular magnetizations amounts up to 4 kG and stenmized d; is used, LSDA or GGA predictions are quantita-
almost completely from the nomelectron contribution8p;  tively different but the qualitative behavior &;; at the in-
andBY;. (vi) As already discussed, the results are sensitive tterface of Fe/A¢001) remained: it decreases at the interface

the interface separation. layer of Fe and increases as an induced hyperfine field on the
first monolayer of Ag. Unlike the bulk metals both the orbital
V. CONCLUSIONS and magnetic dipole contributions Ry become important.

o ] A magnetic anisotropy was found for thg; which can be
We have performed aab initio all electron study using |inked to the anisotropy observed in the orbital and dipolar
both LSDA and GGA approximations to DFT which in- terms.
cluded spin-orbit effects, and obtained hyperfine fields and Theab initio determination oB,; and its link to spin and
magnetic momentgspin and orbital for three test cases: orpjtal moments helps establish a qualitative picture. Further
bulk bee Fe, hep Co, and Fe/AID0 interface. In the bee Fe  ork is needed in order to improve on a quantitative one. In
case we studied[|[001]. In the other caseM was taken particular, the noncollinearity observed in recent experiments

parallel and perpendicular to the interface for the F€I®0)  should be taken into account.
interface and in-plane and perpendicular to the hexagonal

planes of the Co hcp structure.
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