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We have determined theoretically both the orbital and the spin contribution to the magnetic moment
on the (001) surfaces of fcc Mn, bee and fcc Fe, hep Co, and fec Ni. We used a surface geometry that
corresponds to the bulk crystal structure (except for Mn) with no relaxation of the surface. In addition
to enhanced spin moments at the surface we find that the orbital moment for surface states is greatly
enhanced (sometimes by more than 100%). We also present calculations for different spin configurations
in fcc Fe, and we find that two competing spin configurations exists. fcc Mn is found to have a surface
spin moment slightly larger than the surface moment of bcc Fe. Detailed information from the calcula-
tions is presented, i.e., density of states, charge-density contour plots, and orbital-projected spin mo-

ments.

I. INTRODUCTION

Recent progress in theoretical and experimental tech-
niques has contributed to a growing interest in surface
physics of metals, and, more specifically, the magnetic
properties of surfaces. Clean surfaces of the itinerant
magnets Fe, Co, and Ni, as well as overlayers of these
atoms, or their use as substrates with chemisorbed atoms,
have attracted the most attention for magnetic studies.
On the theoretical side, spin-polarized scalar-relativistic
calculations on 3d systems have shown that the spin mag-
netic moment of the surface atoms is enhanced relative to
the bulk atoms.! ~° Similar effects have been found for 3d
overlayers® ~® as well as in sandwich systems.”'® Howev-
er, all of these calculations have neglected spin-orbit rela-
tivistic effects and orbital magnetic moments, which are
important in the analysis of experimental data, such as
neutron scattering measurements.!! Also relativistic
effects are the dominant features of such phenomena as
surface magnetic anisotropy and the magnetic-optical
Kerr effect.!?

Although most calculations are performed neglecting
the spin-orbit coupling, there have been a few surface
studies that do include this effect. For example, a non-
self-consistent tight-binding approach'® and a simple
model calculation!* were used to calculate the surface
magnetic anisotropy of 3d elements. Self-consistent cal-
culations of a Fe monolayer have shown the easy axis to
be perpendicular to the monolayer plane, whereas for a
Ni monolayer it is in the plane.!> Subsequent calcula-
tions'® of a free-standing Fe layer contradicted this result,
finding the easy axis of magnetization to be in the plane.
Although the calculations in Refs. 13-16 included the
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spin-orbit interaction, orbital moments were not calculat-
ed. Orbital moment results have been published'’ for Fe,
Co, and Ni surfaces; these moments were obtained from a
fairly simple approach, i.e., a non-self-consistent model
calculation that treated the spin-orbit interaction in
second-order perturbation theory.

In this paper ab initio spin-polarized energy-band cal-
culations, which include spin-orbit coupling are present-
ed, and we report on both the spin and the orbital mo-
ments for the surfaces of fcc Mn, bce and fee Fe, hep Co,
and fcc Ni. It has been shown that orbital moments in
pure bulk materials can be significant,'® e.g., for bulk Co.
Because of the reduced symmetry and expected enhance-
ment of the spin moment at surfaces, we anticipate an
even larger orbital contribution to magnetic moments at
the surface; not only for Co, but for all magnetic 3d ele-
ments.

In a previous communication'’ we reported on
enhanced spin and orbital moments for the surfaces of
bee Fe, hep Co, and fcc Ni. We have here extended our
previous work to include fcc Mn and fcc Fe. The possi-
bility of growing 3d elements epitaxially and forming
structural arrangements that differ from the bulk struc-
ture makes both fcc Mn and Fe interesting. Also, for
completeness, we have calculated the electronic structure
of nonmagnetic Cu. The present work is a full report on
our studies of surface magnetism in 3d systems, unlike
the short report presented earlier.!®

II. DETAILS OF THE CALCULATIONS

Motivated by the anticipated increased importance
(relative to the bulk) of the orbital contribution to surface
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magnetism, we have calculated the electronic structure
by using a fully relativistic, linearized, muffin-tin-orbitals
film method.” The technical aspects of our calculations
are exactly the same as those presented in Ref. 20, and we
review the most important details. A slab geometry was
used; the atoms were in their bulk crystal-structure posi-
tions with no relaxation of the surface atoms. We per-
formed the all-electron calculations with S to 7 atoms per
unit cell, and the number of layers were increased until
bulk properties (e.g., spin and orbital moments) were
found for the center layer. It was found necessary to use
7 layers for all systems except hcp Co, where 5 layers al-
ready gave bulk behavior of the center layer. The basis
set included 18 plane-wave orbitals®® (PWO) together
with s, p, and d muffin-tin orbitals?! (MTO) for each
atom. The warped potential was calculated according to
Ref. 20; the Vosko-Wilk-Nusair parametrization?? of the
local-spin-density approximation was used. In these rela-
tivistic, self-consistent calculations the irreducible part of
the two-dimensional Brillouin zone was sampled at
10-30 special k points, until the spin and orbital mo-
ments were converged. The spin-orbit coupling was in-
cluded at each variational step;?! these matrix elements
can be written as

H,= ( ¢3LX5 \gL'S|¢S'L'XX' ).

Here ¢, x, are the basis functions with s the spin index
and L an abbreviation for the azimuthal and magnetic

(1)
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quantum numbers / and m;. Furthermore L and S are
the orbital and spin angular momentum, respectively, and
§ is the spin-orbit parameter. Moreover, the spin was
chosen to have the quantization axis perpendicular to the
surface plane and for simplicity we maintain z-reflection
symmetry in the calculations. States with magnetic quan-
tum number £m; will not be degenerate when Eq. (1) is
added to the Hamiltonian, and we calculated the orbital
moment L, according to the Brooks and Kelly prescrip-
tion:?

+1
s )

1

L=3
ag,lm

n,ﬁlm, .
I

In Eq. (2) n,ﬁl is the number of occupied electrons for
state (o,m;).

III. PARAMAGNETIC RESULTS

First we show our paramagnetic density of states
(DOS) for fcc Mn, bee and fee Fe, hep Co, fcc Ni, and fec
Cu (Fig. 1). The total DOS is here dominated by the 3d
contribution (the shaded area). Notice that the surface
bandwidths are narrower than the bulk. This is an indi-
cation that the spin moments for the surface states should
be enhanced compared to the bulk. Notice also that the
value of the DOS at the Fermi level (Ey) is quite high for
all elements, except Cu, indicating the possibility of a
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FIG. 1. Paramagnetic density of states (DOS) for fcc Mn (a), bee Fe (b), fec Fe (c), hep Co (d), fee Ni (e), and fcc Cu (f). The Fermi
level is at zero and is marked with a vertical line, and units are in eV. The bulk to surface projected DOS are shown from bottom to

top, respectively. The shaded area represents the 3d partial DOS.
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Stoner product larger than one. This suggests that these
systems (except Cu) will lower their total energy by
becoming spin polarized. Also, the DOS becomes nar-
rower with increasing atomic number. For instance, the
bulk bandwidth of fcc Mn is approximately 6 eV whereas
the bulk bandwidth of fcc Cu is about 3 eV. This is be-
cause at the end of the series more antibonding orbitals
are occupied; also the 3d shell will experience a stronger
interaction with the nucleus at the end of the series. It is
also seen that the systems with the same crystal structure
(fcc Mn, fcc Fe, fcc Ni, and fcc Cu) show very similar
DOS, except for the above-mentioned band-narrowing
effects for the heavier elements. Furthermore, the
crystal-field splittings in bee Fe into the E, and T, com-
ponents is clearly seen (Fig. 1). However, for the surface
states the local geometry is far from that of the bulk, re-
ducing this crystal field splitting. This shows up in the
surface projected DOS of bec Fe, where the decomposi-
tion in E, and T,, peaks is suppressed. This finding, as
we shall see later, has implications for the orbital mo-
ments of the Fe surface.

In Fig. 2 we show the charge-density contour plots
from our paramagnetic calculation. The charge density
is seen to be dominated by spherical regions centered
around the atomic sites. In between atoms the density is
more or less flat, with a small tendency to pile up charge
between the atoms. This is characteristic for metallic
bonding. Notice also that the charge density in the vacu-
um is more or less constant parallel to the surface.
Furthermore we notice that there is little difference in the
charge density contours for the various crystal structures;
bec, fce, and hep.

The calculated paramagnetic work functions [(001)
orientation for the cubic systems, and (0001) orientation
for hcp Co] are 5.55, 4.53, 4.07, 5.80, 5.22, and 4.88 eV
for fcc Mn, fcc Fe, bee Fe, hep Co, fee Ni, and fce Cu, re-
spectively. Experimental data have been reported for bec
Fe [4.4-4.9 eV (Ref. 24)], hcp Co [5.0 (Ref. 25)], fcc Ni
[5.2 eV (Ref. 26)], and fcc Cu [4.6-5.1 eV (Ref. 27)]. The
paramagnetic work-function results are thus in good
agreement with experiment, and both theory and experi-
ment yield work functions of roughly 4-5 eV for the late
3d elements. As we shall see later the spin-polarized re-
sults give roughly the same work functions as the
paramagnetic ones.

IV. FERROMAGNETIC RESULTS

Of the systems studied, only Cu, which has a filled d
band, does not become spin polarized. Since we have
done a careful study of the spin configurations of fcc Fe
we will discuss the spin polarized results of fcc Fe sepa-
rately, in the next section. Here we will concentrate on
fcc Mn, bee Fe, hep Co, and fec Ni, and we show the
spin-polarized (up and down) DOS of these systems in
Fig. 3. For the ferromagnetic elements, the spin polar-
ized DOS resembles the paramagnetic DOS (Fig. 1), with
an almost rigid splitting between the spin up and down
DOS. As seen in Fig. 3, the surface and bulk moments
are ferromagnetically ordered, except in fcc Mn where
the different layers couple antiparallel [this result is simi-

lar to the bulk calculations of fcc Mn (Ref. 28)]. This an-
tiparallel coupling in Mn leads to a spin polarized DOS
of fcc Mn which is quite different from the paramagnetic
DOS. An easy way to see this is to imagine the spin-up
and -down bands being exchange split a large amount, so
that every second layer has the spin-up band saturated,
and the spin-down band above E. (empty). For the lay-
ers in between the opposite is true (since the system is an-
tiferromagnetic). If spin-orbit coupling is neglected the
spin-up states will only hybridize and interact with other
spin-up states. However if some layers have spin-up
states exchange split a large amount so that they are
above E, there will be little hybridization between occu-
pied and empty spin-up states, and the dominating hy-
bridization will be between every second layer (the same
argument can be done for the spin-down states). This sit-
uation is different from the ferromagnetic or paramagnet-
ic case, and it is therefore not surprising that the DOS of
the paramagnetic and antiferromagnetic calculations look
so different. Notice also that, with the exception of fcc
Mn, the spin-up band of the surface atoms is saturated.
For bulk Co and Ni the spin-up band is also saturated.
This finding has implications for the relative enhance-
ment of the surface spin moments (see below). Notice
also that the crystal field splitting in both spin channels,
and therefore the crystal field quenching of orbital mo-
ments, is reduced in bce Fe in going toward the surface
(just as was shown in Fig. 1). This indicates that the or-
bital moments of bcc Fe might be enhanced at the sur-
face.

The calculated spin and orbital moments are given in
Tables I and II. In Table I we list also the “diffuse”
magnetism, i.e., the sp-projected and interstitial mo-
ments. ‘“‘Diffuse” magnetism and its importance for the
interpretation of experimental data has been stressed for
many years. For instance, ‘“‘diffuse” magnetism is be-
lieved to be the reason why the moments measured by
neutron scattering experiments differ from those mea-
sured by magnetization experiments. Our results (Table
I) show that the orbital moment is comparable in magni-
tude to the ‘diffuse” magnetism for bulk atoms and
larger for the surface atoms (Mn is an exception, see
below); this clearly demonstrates the importance of orbit-
al moment effects on surface magnetism in 3d systems.
Notice, also that the ‘“‘diffuse magnetism” (Tables I and
II) is coupled antiparallel to the total moment for all sys-
tems, except Mn. The antiferromagnetic coupling be-
tween the full moment and the sp contribution has been
explained for bulk ferromagnetic Fe, Co, and Ni as an
hybridization effect.?® For antiferromagnetic systems
these arguments break down and our finding of a parallel
coupling between the full moment and the “diffuse
magnetism” in fcc Mn might be explained by this.

The results presented in Table I show that both the
surface spin and orbital moments (Mn is an exception, see
below) are enhanced relative to those of the center layer
(bulk moments). The enhanced spin moments are a
consequence of the reduced coordination of the surface
atoms, which causes narrower bands and hence larger
spin moments. The orbital moment is also enhanced at
the surface (sometimes by over 100%), partly due to the
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(c)
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FIG. 2. Charge-density contours (in units of e ~/a.u.’) obtained from the paramagnetic calculations of fcc Mn (a), bee Fe (b), fcc
Fe (c), hep Co (d), fcc Ni (e), and fcc Cu (f). The surface is to the right in the figure, and the cut is made in the (100) plane. The spac-
ing between solid drawn curves is 0.07, between the dotted lines 0.003, and between broken lines 0.0005.
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FIG. 3. Spin-polarized density of states (DOS) for fcc Mn (a), bce Fe (b), hep Co (c), and fec Ni (d). The Fermi level is at zero and
is marked with a vertical line, and units are in eV. The bulk to surface projected DOS are shown from bottom to top, respectively.
The shaded area represents the 3d partial DOS. The spin-up DOS is to the left in the figure, and the spin-down DOS is to the right.

enhanced spin moment, but also due to the lower symme-
try, which reduces the crystal-field quenching of the or-
bital moment. In addition, at the surface, the higher den-
sity of states (DOS) at the Fermi level (Ez) tends to in-
crease the orbital moment for reasons given in Refs. 30
and 31. Almost all of the calculations, therefore, show a
clear correlation between spin and orbital moments, in
that enhanced surface spin moments are accompanied by

enhanced surface orbital moments. However, this corre-
lation between spin and orbital moments do not hold up
well under closer scrutiny. For instance, bcc Fe has a
larger center-layer spin moment than hcp Co, but a
smaller center-layer orbital moment; this is in agreement
with our previous investigations*® for bulk Fe, Co, and
Ni, where we found that the orbital moment is also
affected by the crystalline environment and band-filling

TABLE I. Calculated total, spin, orbital, and “diffuse” moments for fcc Mn, bec Fe, hep Co, and fec
Ni in units of 5. The diffuse moment is the sum of the interstitial moment and the sp magnetism, per

atom.
#fg:n ‘U.?(g:’ Mot Hdiffuse
Bulk —1.83 —0.02 —1.85 —0.01
fcc Mn Sub-subsurface 1.86 0.02 1.88 0.08
Subsurface —2.11 —0.02 —2.13 —0.03
Surface 2.89 0.02 2.91 0.09
Bulk 2.18 0.05 2.23 —0.04
bec Fe Sub-subsurface 2.33 0.05 2.38 —0.04
Subsurface 2.34 0.06 2.40 —0.04
Surface 2.87 0.12 2.99 0.00
Bulk 1.58 0.09 1.67 —0.07
hep Co Subsurface 1.67 0.09 1.76 —0.08
Surface 1.75 0.11 1.86 —0.07
Bulk 0.55 0.04 0.59 —0.04
fcc Ni Sub-subsurface 0.57 0.04 0.61 —0.04
Subsurface 0.58 0.05 0.63 —0.04
Surface 0.59 0.06 0.65 —0.03
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TABLE II. Calculated spd projected spin moments of fcc Mn, bce Fe, hep Co, and fcc Ni in units of

Up-
P T " pE"
Bulk —0.020 —0.023 —1.786 —1.829
fcc Mn Sub-subsurface 0.022 0.031 1.805 1.858
Subsurface —0.026 —0.037 —2.050 —2.113
Surface 0.030 0.032 2.828 2.890
Bulk —0.006 —0.020 2.205 2.179
bee Fe Sub-subsurface —0.002 —0.025 2.353 2.326
Subsurface —0.007 —0.020 2.363 2.336
Surface 0.009 0.008 2.851 2.868
Bulk —0.008 —0.035 1.625 1.582
hep Co Subsurface —0.015 —0.034 1.721 1.672
Surface —0.008 —0.030 1.784 1.746
Bulk —0.005 —0.017 0.570 0.548
fcc Ni Sub-subsurface —0.005 —0.018 0.596 0.573
Subsurface —0.006 —0.017 0.598 0.575
Surface —0.002 —0.012 0.600 0.586

effects. The results of fcc Mn demonstrates the impor-
tance of band-filling effects quite clearly. Hund’s third
rule states that the spin and orbital moment should be an-
tiparallel for systems with less than a half-filled shell, and
parallel for systems with more than a half-filled shell.
Mn has approximately 5 3d-electrons and is consequently
a borderline case, which explains the tiny orbital moment
(Table I). Since our calculations for fcc Mn give a 3d oc-
cupation slightly larger than 5, our results are in accord
with Hunds rules; we find the spin and orbital moment to
be parallel.

Bee Fe has the largest orbital surface enhancement,
which gives a surface orbital moment that is even slightly
larger than on Co, in contrast to the comparison between
bulk orbital moments. This turnabout is due to the rela-
tively modest increase in the Co surface orbital moment;
the Co surface spin moment is also not very enhanced.
These effects are probably because the lowering of the
symmetry at the surface of a hcp crystal is not as pro-
nounced as in a bce crystal, since bulk hcp already has a
lower symmetry than bulk bcc. Furthermore the surface
spin moment of bcc Fe is much larger than in hcp Co.
Also, the enhancement of the surface DOS with respect
to the bulk DOS at E, which tends to increase the orbit-
al moment,’®3! is not as large for Co as it is for Fe.

The surface spin-moment enhancements over the bulk
values is 7% for fcc Ni, 10% for hcp Co, 32% for bec Fe,
and 58% for fcc Mn. The reason for the much larger in-
crease in Mn and Fe relative to Co and Ni is that the
spin-up band is saturated in bulk Co and Ni, and hence
the increased spin moment at the surface is due to the re-
duced number of spin-down electrons. Bulk Mn and Fe
do not have a saturated spin-up band; therefore, the sur-
face states can have more spin-up as well as less spin-
down electrons relative to the bulk, and these two effects
cooperate to give a very large moment at the surface.
The magnitude of the surface spin moment of bcc Fe
(2.87ug) is actually close to saturation. Notice in Table I
that the largest surface spin moment is found for fcc Mn,
despite the fact that the bulk moment of fcc Mn is small-
er than for bulk bee Fe.

The calculated work functions [(001) orientation for
the cubic materials and (0001) orientation for hcp Co] are
4.58, 4.30, 5.69, and 5.02 eV for fcc Mn, bee Fe, hep Co,
and fcc Ni, respectively. These values are quite close to
the paramagnetic ones, and the agreement with experi-
ment?*~ 27 is good. The largest change in work function,
due to spin ordering, is found in the antiferromagnetic
system, fcc Mn.

V. FCC IRON

It has been reported earlier that the interatomic ex-
change coupling in fcc Fe is ferromagnetic when the spin
moment exceeds 2.3up, and antiferromagnetic other-
wise?® (more studies of the various spin configurations
and total energies of fcc and bee Fe can be found in Ref.
32). In accord with this, it was found in a surface study,
utilizing a 5-layer calculation of fcc Fe that the surface
and subsurface layers were parallel, whereas the subsur-
face and center layers were antiparallel.* To further in-
vestigate the coupling of the spins in fcc Fe, we have here
performed a 7-layer calculation (for clarity we denote the
different layers as follows: surface S, subsurface S-1,
sub-subsurface S-2, and center C). In Ref. 4 it was found
that the surface layer had a moment larger than the
“magic” moment of 2.3y, whereas the center layer mo-
ment was lower. We expect this to be the case also for a
7-layer calculation. Hence, if the arguments above
hold?® we expect that the S and S-1 layers are ferromag-
netically coupled with all other layers antiferromagneti-
cally coupled; we represent this coupling as
++ —+ —++. Much to our surprise we find that there
exists two competing spin configurations. One is the ex-
pected + + —+ — + + configuration with spin moments
2.78, 2.14, —1.68, and 1.53u5 and orbital moments 0.08,
0.07, —0.06, 0.06ug, for the surface to center layer, re-
spectively. The other spin  configuration is
—+—+4+—+—, and has spin moments —2.52, 1.36,
—1.47, and 1.39up and orbital moments —0.08, 0.07,
—0.05, 0.06p 5 for the surface to center layer, respective-
ly. These results are in accord with the finding of Ref. 28
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since the average of the magnitude of the moment for the
surface and subsurface is 2.46up (larger than 2.3ug) for
the ++ —+ —+ + configuration, and 1.94uy (smaller
than 2.3upg) for the —+ —+ — + — configuration. We
also find that due to the increased sublattice moments the
+ 4+ —+ —+ + configuration is energetically favored.
This configuration has the same spin arrangement at the
surface as the 5-layer calculation.* It is interesting that
the surface and subsurface moments in the 5- and 7-layer
calculations, with equal spin configuration, are quite
similar.

The calculated work functions for the two different
spin configurations of fcc Fe are approximately the same;
~4.8-4.9 eV. This value differs ~0.3-0.4 eV, from the
paramagnetic result. A similar, but more pronounced,
effect was found for fcc Mn where the difference in work
function between the paramagnetic and spin polarized
state was ~ 1 eV. Fcc Fe and fcc Mn have in common an
antiferromagnetic coupling between atoms (see also Ref.
28), which results in an electronic structure quite
different from the paramagnetic or ferromagnetic ones.
The antiferromagnetic coupling in fcc Fe and fcc Mn,
and the accompanying change in electronic structure, is
the reason for the relatively large modification of the
work function due to spin ordering.
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FIG. 4. Spin-polarized density of states (DOS) for the seven-
layer calculation of Fe. The ++ —+ — + + configuration is
shown in (a) and the — + — + — + — configuration is shown in
(b). The Fermi level is at zero and is marked with a vertical
line, and units are in eV. The bulk to surface projected DOS are
shown from bottom to top, respectively. The shaded area
represents the 3d partial DOS. The spin-up DOS is to the left in
the figure, and the spin-down DOS is to the right.

ERIKSSON, BORING, ALBERS, FERNANDO, AND COOPER 45

The DOS for the two spin configurations are displayed
in Fig. 4. Notice that the spin polarized DOS looks quite
different compared to the paramagnetic one (Fig. 1) and
that the spin polarized DOS of the —+ — + — + — spin
configuration is quite similar to the spin polarized DOS
of fcc Mn [Fig. 3(a)], since these two systems have the
same type of spin configuration. Notice also that the
bulk and S —2 projected DOS for the two spin
configurations in Fe are very similar. These two layers
have the same local spin configuration, which produces
the similarity. However the rest of the layers have
different local spin configurations, and correspondingly
the DOS also look different.

VI. CONCLUSIONS

To conclude, we have calculated, ab initio, orbital as
well as spin moments for a surface and shown that bcc
and fcc Fe, hcp Co, and fcc Ni have a large enhancement
of, not only the spin, but also the orbital moment at the
surface. The enhanced orbital moment at the surface is
caused by the enhanced spin moment and the lowering of
the symmetry at the surface, which cooperate to yield an
enhancement of the surface orbital moment sometimes as
large as more than 100%. Orbital effects are important
for analyzing experiments that probe surface magnetism.
For instance, it is known that “diffuse” spin magnetism
in these systems sometimes makes the interpretation of
experimental data uncertain (e.g., when comparing mo-
ments from neutron scattering experiments with mo-
ments obtained from magnetization measurements). The
present work shows that the surface orbital moment is
appreciably larger than this “diffuse” magnetism in 3d
systems (except for fcc Mn). We anticipate that the
enhancement of the orbital moment will be even more
pronounced in systems where relativistic effects are
known to be even more important, e.g., actinide systems,
where the spin-orbit parameter is larger than in the 3d
elements and crystal-field effect is less important. It is
also interesting to compare our self-consistent calcula-
tions with the non-self-consistent, perturbation calcula-
tion of Bruno.!” The agreement is good. Since the spin-
orbit splitting in the 3d elements is fairly small, a
second-order perturbation approach, presented in Ref.
17, is a good approximation.

Furthermore, the inclusion of the spin-orbit coupling is
found not to affect some ground-state properties, since
our calculated spin moments (and occupation numbers)
agree with previous scalar relativistic results.!'* Also
previous published DOS, work functions, and spin densi-
ty contours' ~'° (now shown here) are very similar to our
results.

Moreover, the present work shows that the surface
spin moment of fcc Mn is larger than in bce Fe, whereas
the orbital moment in Mn is tiny. This latter finding is in
accord with Hund’s third rule making Mn a borderline
case where the spin and orbital coupling is about to
change from antiparallel to parallel. Therefore we pre-
dict that the (001) surface of fcc Mn (if it could be stabi-
lized by epitaxial growth) should have a large isotropic,
spin moment. The finding of a very large spin moment in
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fcc Mn is interesting. The late 3d elements (Cr-Ni) all
show magnetic ordering, except Mn. This despite the
fact that Mn has the most unpaired electrons and could
in principle gain the most exchange energy due to spin
polarization. On the other hand Mn can fill all bonding
3d states, leaving the antibonding states empty. In bulk
Mn the latter effect apparently dominates and the max-
imized bonding in a-Mn is also associated with a very
low symmetry crystal structure. By restraining Mn to
have the fcc structure, the polarized solution becomes
stable with a substantial spin moment.?®

The quite complicated spin configurations of the (001)
surface of fcc Fe has been carefully studied and we find
that there exists two competing configurations. Both
these configurations are in agreement with the finding of

2875

Ref. 28, namely, that fcc Fe has an antiferromagnetic in-
teratomic coupling when the spin moment is smaller than
~2.3up, and a ferromagnetic coupling otherwise. This
causes the interesting situation that the surface to subsur-
face coupling is predicted to be ferromagnetic;* whereas
the interior (bulk) coupling is antiferromagnetic.
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FIG. 1. Paramagnetic density of states (DOS) for fcc Mn (a), bee Fe (b), fec Fe (c), hep Co (d), fee Ni (e), and fece Cu (f). The Fermi
level is at zero and is marked with a vertical line, and units are in eV. The bulk to surface projected DOS are shown from bottom to
top, respectively. The shaded area represents the 3d partial DOS.



9 o S\ (=] <o ’:': (=]
%‘N \q_)\ o \:';\ o \2\ ol
Q
2 § B
By NS B3 é Q
w 2] [72]
g 8 S 2
] 3 3 5]
=] =] o : =]
=5 S ? a | S et
-6.0 -40 =20 00 20 40 -8.0-60 —4.0 =20 00 20 4.0 -B8.0-6.0 =40 -20 00 20 40 ~-8.0-6.0 —40 -20 0.0 20 40
Energy (eV) Energy (eV) Energy (eV) Energy (V)
(a) (b)
< = =3 ]
23 2q = -
£ L g b
3 3 &3 23
W) W %] [72)
21 23 8. s,
(5] "
9 Q = =)
o o o o\
90 -60 -30 00 30 -80-60 -40 -20 00 20 40 -8.0-60 -40-20 00 20 40
Energy (eV) Energy (V) Energy (eV)
(c) (d)

FIG. 3. Spin-polarized density of states (DOS) for fcc Mn (a), bee Fe (b), hep Co (¢), and fee Ni (d). The Fermi level is at zero and
is marked with a vertical line, and units are in eV. The bulk to surface projected DOS are shown from bottom to top, respectively.
The shaded area represents the 3d partial DOS. The spin-up DOS is to the left in the figure, and the spin-down DOS is to the right.
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FIG. 4. Spin-polarized density of states (DOS) for the seven-
layer calculation of Fe. The ++ —+ —+ + configuration is
shown in (a) and the —+ — + — + — configuration is shown in
(b). The Fermi level is at zero and is marked with a vertical
line, and units are in eV. The bulk to surface projected DOS are
shown from bottom to top, respectively. The shaded area
represents the 3d partial DOS. The spin-up DOS is to the left in
the figure, and the spin-down DOS is to the right.



